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Micro-thermophotovoltaic (TPV) power generator is a promising energy 
conversion system for its superior features such as high energy density and free of 
moving parts. The system is composed of a micro-combustor, filter and PV cells, 
and the overall efficiency is limited by the efficiency of each component. As such, 
it is essential to increase the efficiency of all the three components. In this work, 
theoretical, numerical and experimental studies were carried out to obtain a 
micro-combustor with high wall temperature, high-uniformity and high efficiency. 
A novel selective filter and an innovative refractory frequency emitter were 
developed.  
A micro cylindrical combustor fueled by H2/CO/air blended fuel (Chapter 
2) was first investigated: the effects of the combustor sizes (combustor length and 
wall thickness) and operating conditions (inlet flow velocity and CO mass 
fraction) on the wall temperature distribution and radiation power were 
numerically investigated. Micro planar combustor is favorable for the micro-TPV 
system due to its higher view factor. A micro planar combustor with baffles was 
developed (Chapter 3). The baffles in the planar combustor were utilized for 
x 
 
recirculating the hot reacting gas. The effect of dimensionless height of the baffles 
and the distance between them on the combustion process were analyzed 
numerically. After obtaining the optimal dimensionless height and the distance 
between the two baffles, a micro planar combustor was fabricated and tested. For 
the first time, the Second-Law analysis was employed to investigate the entropy 
generation caused by various factors in the micro cylindrical combustor fueled by 
the H2/CO blended fuel and the micro planar combustor with baffles (Chapter 4).  
Upon the optimization and analysis on the micro cylindrical combustor 
and planar combustor, a novel metamaterial frequency selective filter was 
designed and fabricated (Chapter 5). The filter which possessed the feature of 
wide passband and angle-insensitive which was favorable to enhance the spectral 
efficiency of the micro-TPV system.  
For the first time, an innovative, robust, refractory frequency selective 
emitter based on titanium nitride (TiN) was designed, fabricated and optimized 
for further increase the spectral efficiency (Chapter 6). The developed selective 




In summary, the present study which includes the design and optimization 
on the micro-combustors, filters and frequency selective emitters paves the way to 
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Chapter 1: Introduction 
1.1 Micro-thermophotovoltaic (TPV) system 
The past decade has witnessed the fast development of micro and nano-
fabrication technologies. Such technologies have significantly accelerated the 
miniaturization and multi-functionalization of micro-mechanical, 
communicational, imaging, sensing, chemical analytical, and biomedical devices 
[1]. These systems require a power source with the feature of portable, high 
energy density, short charging time, longevity and environmental friendly. 
Currently the dominant power sources for these systems are chemical batteries. 
However, the energy density of the chemical batteries is quite low. Even the most 
advanced lithium-ion battery only has an energy density of about 0.2 kWh/kg [2].  
Besides, the chemical batteries also face the problem of long charging time and 
limited rechargeable cycles. Moreover, the disposal of the chemical batteries 
would cause various environmental issues. The adverse effects of chemical 
batteries are behind the emergence of a new class of micro power sources [3]. The 
need of high density power sources is expecting to further increase in  future as 
the enhanced functionalities of the electronic devices require more power [3]. 
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Combustion-driven micro-scale power generators become attractive 
technological alternatives to chemical batteries by taking the advantage of high 
energy density of hydrogen and hydrocarbon fuels. The energy density of the 
combustion-driven micro-scale power generators could be up to 12 kWh/kg [4], 
which is much higher than the chemical batteries. Therefore, the key issue is to 
convert the widely available chemical fuels into electricity efficiently and robustly 
in a millimeter scale system [4]. In order to address the growing demand for small 
scale and high energy density power sources, various combustion-driven micro 
power generators are being developed around the world such as micro gas 
turbines [5], micro Wankel engines [6], micro piezoelectric [7] and micro-TPV 
power generation systems [8]. Different from other micro power generation 
engines, the high surface to volume ratio of micro combustor/emitter is favorable 
to achieve higher energy density for micro-TPV system. 
Micro-TPV system is an advanced solid-state energy conversion system 
[9]. As shown in Figure 1.1, the system is composed of micro combustor/emitter, 
filter and low bandgap PV cells. The energy conversion process of the micro-TPV 
system is: (i) in combustion process, the chemical energy from the hydrogen or 
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hydrocarbon fuels is converted into thermal energy, (ii) by the effects of thermal 
conduction and convection, the thermal energy from the combustion is 
transformed to the surface of the combustor/emitter as radiation energy, (iii) the 
radiated photons with the wavelength shorter than the cut-off wavelength of the 
filter is transmitted while those with the wavelength greater than the cut-off 
wavelength is reflected, (iv) the transmitted photons impinge on the PV cell array 
and evoke free electrons and produce electrical power output, and the reflected 
photons are absorbed by the emitter wall to increase the temperature. In this 
process, the radiated photons from the combustor wall with the wavelength 
shorter than bandgap of the PV cell could be used for power generation. However, 
the photons with a longer wavelength would be useless. That is why the filter is 
employed. The cut-off wavelength of the filter is supposed to be the same as the 
bandgap of the PV cells. By this mechanism, the micro-TPV system could be 
employed to convert chemical energy into electricity. This system can be used to 
recycle the waste thermal energy at high temperature such as the thermal energy 
in high temperature furnaces. Besides the high power density, the micro-TPV 




Figure 1.1 Schematic of micro-TPV system 
Along with the advantages, there are also limitations in this system. The 
major limitation of the micro-TPV system is the mismatch between the radiation 
spectrums of the combustor wall/emitter with the bandgap of the PV cells. As 
shown in Figure 1.2, the cut-off wavelength of a very low bandgap InGaAsSb PV 
cell is 2350 nm [10]. However, the blackbody spectral radiance of the emitter 
which is operating at 1000 K is a broadband emission, which is mainly distributed 
from 1500-5000 nm and even longer wavelength range. A large amount of 
radiation energy is located out of the cut-off wavelength (2350 nm) of the PV cell. 
In order to address the spectrum mismatch problem, many research works have 
been done in the past years on all the three components of the micro-TPV system. 




Figure 1.2 Spectral radiance of blackbody emitter at 1000 K and quantum 
efficiency of the InGaAsSb PV cell 
1.2 Literature review 
As there are three components in the micro-TPV system, the 
investigations were conducted on the micro-combustor, frequency selective 
filter/emitter and PV cells over the past decades to solve the mismatch problem. 
The system efficiency is expressed by the Eq. (1.1). In which, the system 
efficiency is the product of the efficiency of each component. In order to improve 
the system performance, all the three components need to be optimized. The 
optimization of micro-combustors is mainly focusing on the combustor material, 
geometry, fuel type, operating conditions, catalyst assistance, porous media 
assistance and Second-Law analysis of Thermodynamics. The investigations on 
the frequency selective emitter and filter generally vary from selection of material 
(gold, tungsten, tantalum, rare earth oxides etc.) and structure (1D and 2D 
6 
 
photonic crystal and metal-dielectric-metal metamaterial). The studies on the 
development of low bandgap PV cells are mainly on the materials that are used 
for fabricating the low bandgap PV cells.  
PVfiltercombustorsystem                                              (1.1) 
1.1.1 Optimization of micro-combustors 
The major objective of micro-combustor optimization is to increase the 
combustor wall temperature, uniformity and efficiency. This aim is essential in 
improving the overall performance and lifetime of the micro-TPV system. As 
described in Eq. (1.1), the system efficiency is directly proportional to the 
combustor efficiency. As a result, high combustor efficiency is desired. As shown 
in Figure 1.3, the spectral radiance of the blackbody emitter operating at 1000 K 
and 1500 K are illustrated. With the increase of combustor wall temperature from 
1000 K to 1500 K, it is found that the blackbody spectral radiance increases 
significantly. This is due to the fact that radiation energy is proportional to the 4th 
power of temperature. Besides the significant increase of the blackbody spectral 
radiance, the increase of the emitter temperature could shift the spectral radiance 
toward the short wavelength range as shown in the red arrow in Figure 1.3. This 
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could be explained by Wien’s displacement law [11] as shown in Eq. (1.2). The 
peak spectral radiance corresponds to a wavelength value, in Wien’s displacement 
law, and this wavelength times the blackbody temperature equals a constant. As a 
result, the increase in the combustor wall temperature will shift the radiation 
spectrum toward the short wavelength direction and more useful radiation energy 
would be obtained for power generation. When the combustor wall temperature 
increases, the PV cell efficiency ( PV ) can be increased simultaneously. Therefore, 
high combustor wall temperature is desired. Besides, the high performance 
operation of the PV cells could be maintained if the combustor wall temperature 
distribution is uniform. For this reason, various micro-combustors are developed 
for a high wall temperature, high uniformity and high efficiency. 
 
Figure 1.3 Effects of the increase of the emitter wall temperature 
8 
 
bT max                                                      (1.2) 
1.1.1.1 Geometrical optimization of micro-combustors 
There are a large number of studies dealing with the geometrical 
optimization on the micro-combustors. It is known that the increase of the 
temperature of the unburned mixture has the effect of increasing the combustion 
efficiency and combustor wall temperature [1]. As a result, a majority of the 
investigations were conducted to recycle the thermal energy from the exhaust to 
preheat the fresh fuel/oxidant mixture. Lee and Kwon [12] developed a micro 
emitter with heat recirculation. The configuration and size of the emitter with heat 
recirculation are shown in Figure 1.4 (a), the schematic of the combustion process 
is shown in Figure 1.4 (b). In Figure 1.4(b), the fuel and oxidant entered the 
combustor/emitter from the narrow channel, the combustion happened at the right 
wider part where the space exceeded the extinction limit [13] of C3H8/air flame. 
After combustion the hot exhaust gas flowed through the inner pipe towards the 
ambient environment. During exhaust, the thermal energy from the hot gas was 
transformed to the pipe wall and the fresh C3H8/air mixture. By this mechanism, 
the combustion efficiency could be improved. They obtained a peak emitter 
temperature of 1200 K at 2.4 m/s flow velocity and stoichiometric condition. The 
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peak temperature zone appeared at the center of the emitter. They also found that 
with the increase of flow velocity, the emitter wall temperature could be further 
increased and the peak temperature region appeared at the rightmost of the emitter. 
In 2011, Park et al. [14], from the same group, further investigated the emitter 
with heat recirculation. They studied the effects of materials variation and vacuity 
of the PV cells installed chamber. After comparison, they found that the silicon 
carbide built emitter possessed higher average wall temperature than the stainless 
steel built emitter. Moreover, they realized that the enhanced vacuity of the PV 
cells installed chamber did not significantly affect the performance of the micro-
TPV device.  
The study on the micro-emitter with heat recirculation suggested an option 
in recycling the thermal energy from the exhaust gas. However, due to the limited 
combustion area, the emitter temperature distribution is non-uniform. Besides, the 




Figure 1.4 (a) Configuration and size of the micro-emitter with heat recirculation 
(b) Schematic of combustion and flow direction of emitter with heat recirculation 
Since the pioneering work of Weinberg and coworkers [15], various 
numerical and experimental studies have been conducted to study the Swiss-roll 
micro-combustor. Figure 1.5 shows the Swiss-roll structure. In this design, the 
combustion products and premixed reactants flowed in adjacent channels in 
opposite directions. By this configuration, the unburned reactants could be 
preheated by the combustion products. Zhong and Wang [16] examined the 
excess enthalpy combustion in micro Swiss-roll combustor fueled by methane/air 
mixtures. A maximum wall temperature of 1250 K was achieved when the mass 
flow rate is 2.17 mg/s. Their results indicated that the micro Swill-roll combustor 
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could be employed to enhance the combustion stability at the center region. 
Besides, the excess enthalpy combustor extended the extinction limits of 
methane/air mixtures. Vican et al. [17] developed a self-sustained Swiss-roll 
combustor fueled by hydrogen and air mixtures over a wide range of fuel/air 
mixtures and flow rates. They investigated the effects of input energy, with the 
increase of input energy, the average surface temperature increased. In the fuel 
lean condition, the average wall temperature increased with the increase of 
equivalence ratio. However, their average wall temperature is generally low, 
which is around 500 K.  
 
Figure 1.5 Schematic of micro Swiss-roll structure 
The developed micro Swiss-roll combustors have the effects of recycling 
the waste energy from combustion products to preheat the unburned reactants. 
However, these designs are limited by the high fabrication cost which is due to 
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the complicated configuration and the wall temperature is still low, which is lower 
than 1300 K.  
Another group of micro-combustors with heat recuperation was initially 
developed by Li et al. [18] in 2010. Figure 1.6 illustrates the schematic of the 
high-luminescent-flame combustor. In this design, there were two components in 
the chamber. One of them was the silicon carbide emitter and the other was the 
quartz heat recuperator. The high temperature combustion products could be 
redirected to heat on the emitter wall. A peak emitter wall temperature of about 
1270 K was achieved with 50% CH4 and 50% CO blend fuel. In 2011, Li et al. 
[19] further studied the performance of the high-luminescent-flame combustor 
with metal porous medium injector and fueled by n-heptane. They observed that 
with the help of the metal porous medium, a large contact surface was induced for 
liquid fuel vaporization. Their results also showed that the combustor fueled by n-
heptane plus 0.2 vol.% pentacarbonyl was much brighter than the combustor 
fueled by the pure n-heptane. Similarly, Yang et al. [20] employed the heat 
recuperation concept for the micro planar combustor. Their results showed that 
the mean wall temperature could be increased by 70-110 K. The total energy and 
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useful radiation energy were improved by 44.4% and 83%, respectively. They 
also experimentally tested a micro cylindrical combustor with heat recuperation 
[21]. In the micro cylindrical combustors with heat recuperator, a wall 
temperature increase of 123 K was observed. For the micro-TPV system 
application, the electrical power output was increased from 0.74 W to 1.26 W, 
corresponding to an increase of 70%. 
 
Figure 1.6 Schematic of micro-combustor with heat recuperation 
By installing a nitrogen sealed tube inside the micro cylindrical combustor, 
Jejurkar and Mishra [22, 23] evaluated the recirculation effect in the combustor 
numerically. In their design as shown in Figure 1.7, the fuel/air entered the ring 
region at a certain flow velocity. After the combustion occurred in the ring 
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chamber, the released heat from chemical reaction would heat up both the 
combustor wall and the inner nitrogen sealed tube. By the effect of thermal 
conduction on both the combustor wall and inner tube wall, the thermal energy 
was recirculated to the inlet part to increase the unburned fuel/air mixture. By this 
mechanism, they achieved the emitter wall temperature of 1200 K.  
 
Figure 1.7 Schematic of micro cylindrical combustor with nitrogen sealed tube 
In summary, the peak wall temperatures achieved by the previous studies 
are listed in Table 1 and most of these works face the problem of non-uniform 
temperature distribution and relatively lower combustor wall temperature. 
Table 1-1 Combustor wall temperature obtained from literature 
Author Combustor 
type 




K.H. Lee et al. 
[12] 
Cylindrical C3H8/air * ◊ ≈1200 K 
Park et al. [14] Cylindrical C3H8/air * ◊ ≈1200 K 
Zhong et al. 
[16] 
Planar CH4/air ◊ 1250 K 
Li et al. [18] Cylindrical CH4/CO/air ◊ 1270 K 
Yang et al. [20] Planar H2/air ◊ ≈1280 K 
Yang et al. [21] Cylindrical H2/air * ◊ ≈1400 K 




Jiang et al. [24] Planar H2/air * ◊ ≈1200 K 
 
1.1.1.2 Catalyst assisted micro-combustors 
Catalysts have been extensively used for decreasing the toxic components 
in automobile exhaust gas, steam reforming processes and combustion in gas 
turbines [25, 26]. During the past two decades, various catalysts were employed 
in the field of micro-combustion for micro-TPV applications. This is because the 
catalysts have the function of lowering the activation energy of chemical reactions 
comparing with the pure homogeneous combustion [27]. Besides, by installing the 
catalysts on the combustor wall, intensive combustion and high fuel conversion 
rate could be ensured. Chen et al. [27] investigated the combustion of hydrogen in 
a micro-channel with catalyst segmentation numerically. They observed that with 
a fixed total catalyst length, a better performance was achieved for the multi-
segment catalyst for their reduced inhibition effect. Moreover, their results 
showed that the catalyst space distance had no obvious effect because of the fast 
reaction rate of hydrogen. Li et al. [28] extended their work for the CH4 fuel and 
blended fuel [29]. In their study, the cavities were put behind the catalysts 
segmentation as shown in Figure 1.8. During combustion of CH4, the active 
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chemical radicals were produced by the heterogeneous reaction in the upstream. 
The homogeneous reaction was anchored in the cavities and the catalysts in the 
downstream fully consumed the carbon monoxide. In the application for H2/CH4 
blended fuel, a complete methane conversion and combustion was achieved in a 
short distance. This was the coupled mechanism of catalyst-assisted and blended 
fuel combustion.  
 
Figure 1.8 Schematic of micro-channel with catalysts segmentation and cavities 
Yan et al. [30] numerically investigated a micro-combustor with Pt 
catalyst sticks. The layout of the micro-combustor is shown in Figure 1.9. A tiny 
hybrid screen was placed at the entrance of the combustor to ensure the gas was 
mixed well. 45 sticks of Pt catalyst with the dimension of 0.2×0.2 mm were 
installed on the inner wall of the micro-combustor. They observed that the 
hydrogen addition had a great influence on lowering the methane ignition 
temperature and shortening ignition time. Meanwhile, the effect of lowering the 
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methane ignition temperature was found to be more significant at low hydrogen 
fraction. 
 
Figure 1.9 Micro-combustor with catalytic sticks 
A numerical study was conducted by Benedetto et al. [31]. They 
developed a novel micro-combustor with two parts including the catalyst-coated 
wall and the region without catalyst coating. The schematic is shown in Figure 
1.10 and the catalytic part is used to provide light-off. The heat generated at the 
catalytic part would be transferred to the part without catalyst. The results 
suggested that the novel micro-combustor provided stable operation at high inlet 
velocities, without encountering the blow-out phenomenon and preserving high 




Figure 1.10 Schematic of the micro-combustor with two parts 
Among the investigations mentioned above, various combustor structures 
and catalyst arrangements were proposed. The results showed a significant 
improvement both in fuel conversion rate and combustor wall temperature. 
However, most of these studies are based on numerical simulation. It would be 
more interesting to explore the enhancement effect of adding the catalyst into the 
micro-combustor experimentally.  
1.1.1.3 Second-Law analysis on micro-combustion process 
The Second-Law analysis of thermodynamics is effective in evaluating the 
performance and minimizing the irreversibility in the systems which consume 
energy [32]. This is because the First-Law of thermodynamics does not 
distinguish reversible and irreversible process. The irreversible processes lead to 
the destruction of available energy at a state. The Second-Law of thermodynamics 
paves a way to determine the extent of energy conversion. Generally, researchers 
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employ entropy generation and exergy efficiency in evaluating the Second-Law 
performance of a process. From the viewpoint of thermodynamics, entropy 
generation will always produce irreversible processes, and the decrease of entropy 
generation means the decrease of irreversibility and less loss of exergy [33]. In the 
micro combustion process which involves both physical and chemical processes, 
irreversibility is generated due to the existence of chemical reaction, thermal 
conduction, mass diffusion and viscous effect. The investigations on entropy 
generation have been carried out by many investigators. Entropy generation 
minimization (EGM) method was proposed by Bejan in 1996 [34]. He derived the 
efficiency formulas for maximum power output in diverse systems including 
storage system, power plant system and refrigeration plant system. Alipanah et al. 
[35] evaluated the entropy generation in a compressible natural convection 
process in a square cavity. They found that the entropy generation increased with 
increasing Rayleigh number and also increased with increasing dimensionless 
temperature difference. Zhao and Liu [36] analyzed the entropy generation in 
electro-osmotic flow. They observed that the maximum volumetric entropy 
generation rates due to heat conduction and viscous dissipation existed near the 
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wall, and the maximum volumetric entropy generation value due to Joule heating 
appeared at the center of the micro channel. 
In comparison with the Second-Law analysis on the heat and mass transfer 
problems, relatively few works are on the exergy efficiency in the micro 
combustion process. Li et al. [37] established the equation for entropy generation 
in the flame propagation zone inside a micro cylindrical combustor based on 
entropy balance. Their results revealed that the combustion at or near the 
stoichiometric fuel-air ratios was the least efficient for the combustion process. 
The analysis further showed the range of enhancement effect through the 
preheating method. Bidi et al [38] investigated the entropy generation in porous 
media by entropy generation minimization method and found the optimum flame 
location in a porous burner. They also observed that a more stable flame appeared 
at the upstream half of the porous layer than those occurred at the downstream 
half of the porous media. Nishida et al. [32] analyzed the entropy generation and 
exergy loss during combustion in the gas turbine systems based on the theory of 
thermodynamics of irreversible processes [39]. They evaluated the sources of 
large exergy loss during the combustion processes both in premixed flame and 
21 
 
diffusion flame. They observed that the major process for the entropy generation 
and exergy loss in premixed flames was chemical reaction. Chen et al. [40] 
studied the entropy generation in counter-flow combustion. They observed that 
the entropy generation due to chemical reaction was predominant when the 
Reynolds number was smaller than 60 while the largest share of entropy 
generation came from fluid friction when the dwReynolds number was larger than 
100. Datta [41] investigated the effects of gravity on structure and entropy 
generation of laminar diffusion flames. They found that gravity had no influence 
on the entropy generation due to chemical reaction while the entropy generation 
due to conduction was greatly influenced by gravity. Chen et al [42] presented the 
effects of inlet air temperature on entropy generation. Their results showed that 
the entropy generation might increase as the dilution becomes more intense at 
certain oxidizer temperature. Yapıcı et al. [43] calculated the entropy generation 
in a methane-air burner and found that swirling flow affected the temperature 
gradient and the entropy generation by thermal conduction. Pope et al. [44] 
analyzed the entropy generation during transient methanol droplet combustion. 
Their results showed that the average entropy generation rate over the droplet 
lifetime was higher for the case that neglected surface tension effects. In the 
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moving droplet case, entropy generation due to both heat and mass transfer 
decreased, and entropy generation due to chemical reaction increased, with the 
increase in initial Reynolds number. Jejurkar and Mishra [45] investigated the 
effects of wall thermal conductivity on entropy generation and exergy loss in 
H2/air premixed flame. They observed that the integrated entropy generation rates 
due to chemical reaction and conduction showed little dependence on wall 
thermal conductivity and the availability loss increased with conductivity to a 
greater degree. Daw et al. [46] presented ways to minimize the destruction of 
thermodynamic availability in hydrogen combustion. The irreversibility was 
reduced due to the elimination of a localized flame zone and associated high 
temperature gradients. 
1.1.1.4 Section summary 
In summary, various techniques have been implemented to pursue a 
micro-combustor with high wall temperature, high-uniformity and high efficiency. 
However, the geometrically optimized micro-combustors are limited to the 
relatively low wall temperature and non-uniformity. The catalyst assisted micro-
combustors are mainly focused on the numerical simulation. As a result, the 
demonstration of a micro-combustor with high wall temperature, high-uniformity 
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and high efficiency is strongly desired. At the same time, the Second-Law 
analysis on these combustors needs to be performed. 
Also, the micro-combustors mentioned above are mainly fueled by H2, CH4 and 
C3H8, which are costly. In order to accelerate the commercialization process of 
the micro-TPV system, the micro-combustor supported by cheap and widely 
available fuels should also be developed.  
1.1.2 Optimization of frequency selective filters/emitters 
As discussed above, the optimization of micro-combustors could shape the 
radiation spectrum towards the short wavelength range due to Wien’s 
displacement law. However, there still exists a large amount of energy at the long 
wavelength range (above 2000 nm), which is beyond the bandgap of the 
commonly used PV cells. Figure 1.11 illustrates this part of energy in the shadow 
area. In order to maximize the efficiency of the micro-TPV system, this amount of 
energy must be utilized or recycled. Many researchers have undertaken work in 
this area to reshape the radiation spectrum. Generally, frequency selective filters 
and emitters are developed for this purpose. The principle of the frequency 
selective filter is to transmit the photons with the energy greater than the bandgap 
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of the PV cells, but reflect back the photons with the energy lower than the 
bandgap to the combustor wall, so as to increase the wall temperature and system 
efficiency. The mechanism of the frequency selective emitter is to utilize the 
world rare oxides or machining micro/nano structures on the surface of metals or 
dielectrics to confine the emission at the desired wavelength range. Previous 
investigations on the two devices are reviewed in the following section. 
 
Figure 1.11 Unutilized radiation energy for the normal emitters 
1.1.2.1 Frequency selective filters 
Various frequency selective filters have been developed to transmit the 
photons at desired wavelength range but reflect the unwanted photons.  Bauer et 
al. [47] modeled the heat transfer between the heat source (combustor) with the 
filter and the PV cells as shown in Figure 1.12. The filter was built with the fused 
silica cavities structure. They found the system with the filter achieved 
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suppression of out-of-band radiation which is greater than 2000 nm. Besides, their 
results suggested that the suppression effect could be further improved with the 
increased SiO2 thickness. Moreover, they found that the arrangement of the heat 
source and filter without air in between was superior to the arrangement with air. 
Computations using their model revealed that a conversion efficiency of 19% 
could be obtained, defined as the ratio of electricity output to the total heat flux.  
 
Figure 1.12 The modeling of the heat transfer between heat source with filter and 
the PV cell 
Celanovic et al. [48] analyzed the micro-TPV system with 1D photonic 
crystal filter theoretically. Their results showed a significant improvement in the 
system efficiency by employing the filter. For the filter developed with the rule of 
modified quarter-wave stack, the transmittance from visible range to the cut-off 
wavelength which is 2000 nm was close to unity as shown in Figure 1.13. After 
the cut-off wavelength, the transmittance was suppressed from 2000-3000 nm. 
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However, in the long wavelength range, especially above 3000 nm, the 
performance of the filter decreased dramatically.   
 
Figure 1.13 Transmittance of the filter designed by modified quarter-wave stack 
Hofler et al. [49] investigated the micro-TPV systems with and without 
filters. They concluded that the TPV conversion with germanium cells might thus 
be more than twice as effective as direct conversion by germanium cells. At the 
same time, they found that no sensible improvement was obtained by increasing 
the numbers of layers to more than seven. The reflectance of the nine layer 
dielectric layer is shown in Figure 1.14. It was found that the reflectance of the 
filter between 1000-2000 nm was low, which facilitated a high transmittance in 
this wavelength range. From 2000-3500 nm, the reflectance was as high as unity. 
This ensured a high reflectance of the photons for high combustor wall 
temperature. The problem of this filter is also the weak performance at long 
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wavelength range above 3500 nm where the reflectance decreased as shown in 
Figure 1.14. As a result, the photons with long wavelength but lower energy 
would be transmitted to the surface of the PV cell, which is useless for power 
generation by the PV cell.   
 
Figure 1.14 Reflectance of the filter with 9 layers 
1.1.2.2 Frequency selective emitters 
Frequency selective emitters/absorbers exhibit powerful and flexible 
effectiveness in regulating the propagation of the electromagnetic waves [50-52]. 
Various applications have been inspired by such devices including catalysis [53, 
54], heat-assisted magnetic recording [55, 56], and especially the efficient solid-
state energy conversion [4] and harvesting [57, 58] systems (Thermphotovoltaic 
(TPV) and solar TPV). The core components of a micro-TPV system are an 
absorber which absorbs radiation spectrum and a selective emitter which emits 
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photons with the energy solely comparable to the bandgap of a PV cell. By this 
approach, the micro-TPV could minimize the energy losses caused by the 
unabsorbed photons as well as band edge thermalization and yield a high 
efficiency [50].  In order to meet the demands of the micro-TPV and TPV system, 
an emitter/absorber with high efficiency, robust performance at elevated 
temperature and superior selectivity in emissivity/absorptivity is strongly desired 
[59, 60]. As shown in Figure 1.15, an ideal frequency selective emitter should 
possess the high emissivity at desired wavelength range but suppressed emissivity 
at long wavelength range.  
 
Figure 1.15 Radiation profiles of blackbody, broadband emitter and ideal emitter 
A research group from MIT has been working in this area for many years. 
They are using 1D photonic crystals and 2D metallic (Tungsten and Tantalum) 
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photonic crystal cavities to achieve the reshaping of the radiation spectrum. In 
2005, Celanovic et al. [61] reported the vertical-cavity enhanced resonant thermal 
emitter (VERTE) as shown in Figure 1.16. In this structure, the top component is 
made of alternating Si and SiO2 layers which are represented as H (high refractive 
index) and L (low refractive index). In the middle of the structure, the vertical 
cavities are created and the bottom is made from pure metal. For the vertical 
resonant cavity, the zero reflectance condition can be met when the external 
quality factor equals to the internal quality factor for a certain incidence angle. 
This could be achieved by adjusting the transmittance of the top component, 
which is composed of Si and SiO2 alternating layers.  
 
Figure 1.16 Cross-section of the VERTE 
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Their numerical results revealed that the VERTE structure could be utilized to 
tune the emittance of a material with a low intrinsic emissivity. As shown in 
Figure 1.17, the normal emittance of the VERTE structure which was built with 
Tungsten showed an emittance peak close to unity at the wavelength of 2.43 µm. 
 
Figure 1.17 Emittance of VERTE made with Tungsten and planar Tungsten 
Since then, Dr. Celanovic’s group published many papers in developing 
the frequency selective emission and absorption. Their investigations are mainly 
focusing on building metallic selective emitters by using Tungsten and Tantalum. 
Bermel et al. [62] optimized the thermophotovoltaic system from all the 
components of the system as shown in Figure 1.18. In this study, they compared 
the performance of three sets of 1D photonic crystal selective emitters and 2D 
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photonic crystal selective emitter. Impressive high emissivity and good selectivity 
in frequency was obtained. Their results revealed that the power conversion 
efficiency of the micro-TPV generator could be enhanced by applying the 
selective emitter. Besides, their results also showed that the reactor wall 
temperature could be increased by a well-designed filter.  
 
Figure 1.18 Schematic of the high-efficiency thermophotovoltaic system 
Tungsten 2D photonic crystal selective emitter was extensively studied 
because the 1D stack layer structure is detrimental to stable performance at high 
operating temperatures. Yeng et al. optimized the 2D PhC structure as shown in 
Figure 1.19. Their predicted results of the three designs and flat tungsten revealed 





Figure 1.19 Predicted normal emittance of W PhC design I (r=0.45 µm, a=1.1 µm, 
d=1.5 µm), design II (r=0.55 µm, a=1.3 µm, d=2.1 µm), design III (r=0.625 µm, 
a=1.4 µm, d=2.8 µm) and flat tungsten 
 
Figure 1.20 Measured and predicted W PhC selective emitter, flat W and 
blackbody 
They experimentally demonstrated the selective emission of various PhC 
designs as illustrated in Figure 1.20. The experimental results revealed that the 
selective emitters exhibited low emittance at long wavelength and near blackbody 
emittance at short wavelength, with a sharp cutoff in between. Besides, the 
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emittance could be tailored and optimized by suitably choosing the size and 
dimension of the cavity.  
It is known that during the coupling of the incidence radiation into the 
cavity, diffraction losses allow free-space radiation to reflect into undesired 
diffraction channels instead of coupling into the cavity modes [63]. In order to 
increase the system efficiency, the diffraction losses must be avoided. From 
diffraction equation, it is known that the larger the ratio a/ , the larger the i  
value is. In which   is the wavelength, a  is the period of the cavity and i  is the 
incidence angle of the light without diffractive reflections. For the certain 
incidence light, the a/  ratio could only be enlarged by decreasing the period. 
However, the cut-off wavelength will be adjusted if the period has been changed. 
A method in balancing the cut-off wavelength of the structure is filling in 
dielectrics into the cavity. Besides, the filling of the dielectrics into the cavity also 
provides other advantages such as high thermal stability and convenience in 
fabrication [64]. In 2013, Chou et al. [65] designed a dielectric filled metallic 
photonic crystal for frequency selective emission and absorption for Solar-TPV 
system. The schematic of the dielectrics filled cavity structure is depicted in 
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Figure 1.21. The absorption of the dielectric filled W 2D PhC selective emitter at 
oblique incidence angles was significantly improved compared to air-filled 
cavities. By applying the dielectrics filled cavity selective emitter to the Solar-
TPV system, a 7% and 15.7% improvement was achieved for the absorber and 
emitter efficiency. 
 
Figure 1.21 Schematic of the dielectrics filled cavity structure 
From 2012, various selective emitters based on Tantalum have been built 
for their high melting point (3290 K), low vapor pressure and good intrinsic 
selective emissivity. Rinnerbauer et al. [66] developed a high aspect ratio large-
area tantalum phtonic crystals selective emitter experimentally. In the study, a 
high emissivity was achieved between 1.4 µm and 2 µm, with a high comparison 
in between. Their results showed excellent spectral selectivity, enhancement of 
35 
 
emissivity below cut-off approaching unity, and a sharp cut-off between the high 
emissivity region and the low emissivity region, while maintaining the low 
intrinsic of bare Ta above the cut-off wavelength. In 2013, Rinnerbauer et al. [67] 
further investigated the dielectrics filled photonic crystal structure at elevated 
temperature conditions. The experimental characterization was achieved under Ar 
atmosphere for preventing the oxidation of Tantalum at high temperature. They 
annealed their sample for 1 hour at 1000◦C and 144 hour at 900◦C. The measured 
reflectance, SEM imaging and AFM imaging showed no degradation even after 
repeated thermal cycling.  
Yeng et al. predicted the thermophotvoltaic system by considering the 
tantalum photonic crystal selective emitter. The system was composed of an 
optimized 2D photonic crystal selective emitter with an optimized cold side 




Figure 1.22 Schematic of the high performance thermophotovoltaic system with 
tantalum photonic crystal selective emitter and filter 
By precise modelling and calculation, the 25% (excluding combustor 
efficiency) heat-to-electricity efficiency and 0.68 Wcm-2 were obtained. They 
claimed that the TPV system efficiency could be increased to 40% if more 
advanced PV cells could be developed. Yeng et al. [68] further reported the 
omnidirectional emission property of the HfO2 filled tantalum photonic crystal 
emitter.  
 
Figure 1.23 Emittance over wavelength and polar angle for a pure photonic 
crystal structure (a) and HfO2 filled photonic crystal structure (b) 
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Their results revealed that the emittance decreased dramatically as the 
incidence angle increased. However, the HfO2 filled photonic crystal structure 
performed better than the unfilled selective emitter as shown in Figure 1.23.  
A metallic tantalum based photonic crystal absorber-emitter was 
developed for high temperature solar thermophotovoltaics by Rinnerbauer et al 
[58]. As shown in Figure 1.24, the device includes a selective absorber and 
emitter for the solar-TPV system. The concentrator focused the solar radiation on 
to the surface of the absorber. Due to the nature of selective absorption, the 
radiation energy with the wavelength shorter than 2 µm was absorbed. It is known 
most of the solar energy is in this wavelength range. The absorber rejected the 
photons with wavelength greater than 2 µm. At the same time, the emissivity 
equals to absorptivity when the object is in equilibrium. As a result, the emissivity 
of the object at the wavelength greater than 2 µm is very low, which prevents the 




Figure 1.24 Schematic of metallic photonic crystal selective absorber-emitter for 
solar-TPV 
They obtained a 66.4% efficiency of the thermal transfer efficiency of the 
absorber for an irradiance of 100 suns, which is much higher than the blackbody 
absorber (43.3%) at the same condition. By incorporating the frequency selective 
emitter, the solar-TPV system with selective absorber and emitter showed the 
efficiency of 3.74% at an irradiance of 130 suns, which is more than twice the 
efficiency of the blackbody absorber at the same conditions.  
Nam et al. [69] modelled the solar-TPV system with the 2D tantalum 
photonic crystal absorber and emitter. They observed that the increase of 
incidence angle reduced the emittance below the cut-off wavelength. They also 
showed that the absorber to electrical solar-TPV efficiency could be as high as 10% 
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with a simple planar layout. Furthermore, the absorber to electrical efficiency 
could be improved up to 16% by eliminating the optical and electrical non-
idealities in the PV cell. 
The continuous efforts done by the group from MIT are impressive in 
terms of modelling and device fabrication. However, the limitation of their work 
is that the frequency selective devices are made from Tungsten and Tantalum, 
which are limited in the world.  
Besides the efforts done by Ivan’s group in MIT, various frequency 
selective emitters and absorbers were developed based on medium-dielectric-
medium structure [70] and 3D metamaterial structures [50]. In comparison with 
the 2D photonic crystals and dielectrics filled photonic crystal, the performance of 
the MDM structure and 3D metamaterial structures are not so good in terms of 
peak emittance in the desired wavelengh range and selectivity. Other materials for 
fabricating selective emitters and absorbers were also developed such as rare earth 
oxides [71-73], gold [74-76] and platinum [59, 77]. 
However, due to the low melting point of gold, the gold materials are not 
suitable for high temperature operation of the micro-TPV system. Moreover, the 
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performance of the platinum based frequency selective emitter is not as good as 
2D metallic photonic crystals. The reported frequency selective emitters are 
summarized in Table 1-2. 
Table 1-2 Summary of the reported selective emitters 







W 1D PhC * ◊ 
High emittance at 
long wavelength 














Ta 2D PhC * ◊ 






















Ta 2D PhC * ◊ 
High emittance at 
long wavelength 
Deng et al.  Au Nanowire * Low melting point 




High emittance at 
long wavelength  
 
1.1.2.2 Section summary 
Various research works have been performed to build the frequency 
selective filters and emitters for tailoring the radiation spectrum of the combustor 
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wall. However, the built 1D selective filters are limited to the poor reflectance at 
long wavelength range (3-5 µm) and easy to deform at high temperature. 
Meanwhile, various frequency selective emitters are built with varied 
nanostructures such as 1D and 2D photonic crystals and metamaterials and 
diverse intrinsic material selection including W, Ta and Au. However, these 
developed frequency selective emitters are limited to relatively low melting point 
(Au) and shortage reservation. As a result, a filter with high performance at the 
whole working wavelength (0.7-5 µm) and an emitter with high melting point, 
high selectivity and larger world reservation are desired. 
1.1.3 Development of low bandgap and high efficiency PV cell 
The last key component in the micro-TPV system is the photovoltaic cell 
array. The photons emitted from heat source are in the range of 1000-1600 K. 
This necessitates the use of low band gap semiconductors for the TPV energy 
conversion. The efficiency and power density should be maximized 
simultaneously.  
Ferguson and Fraas [78] developed the GaSb photovoltaic cell and tested 
the performances in the numerical simulation. They found that the power and 
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conversion efficiency decreased much more slowly with increasing temperature 
than expected. In the infrared region, the GaSb and GaAs cells showed much 
better conversion performance than Si cells with increasing temperature. Wanlass 
et al. [79] reviewed the GaxIn1-xAs thermophotovoltaic power converters. At the 
condition of 1-sun, AM0, an efficiency of 12.8% was reported for a lattice-
matched, 0.74 eV converter. They found that the low band gap can be achieved by 
the lattice-mismatched converter structure, which utilizes compositional grading 
schemes. As can be observed in Figure 1.25, the external quantum efficiency 
response is longer for the materials with lower band gap. Wang et al. [80] 
developed the high performance lattice-matched GaInAsSb/GaSb 
thermophotovoltaic devices with a 0.5 eV band gap. The device exhibits external 
quantum efficiency as high as 60%, which corresponds to an internal quantum 




Figure 1.25 Spectral active-area absolute external quantum efficiency data for 
GaxIn1-xAs TPV converters [79] 
Metal organic chemical vapor deposition (MOCVD) is a highly complex 
process for growing crystalline layers to create complex semiconductor multilayer 
structures. Liang et al. [81] demonstrated thin film flexible nanostructure arrays 
for III-V solar cell applications. The GaAs thin film nanostructure arrays by 
growing GaAs thin film on nanostructured template followed by epitaxial liftoff. 
They observed that the absorption enhancement is about 300% at long 
wavelengths due to significant light trapping effect and about 30% at short 
wavelengths due to antireflection effect from tapered geometry. Hermann et al. 
[82] reported the growth and characterization of thin films of Zn3P2 and Cd3P2 
grown by MOCVD technique. The analysis on spectra of the films showed direct 
transitions at 0.62, 0.65 and 0.71 eV. Another single crystal depositing method is 
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molecular beam epitaxy (MBE). Hudait et al. [83] developed single-junction 
In0.69Ga0.31As thermophotovoltaic cells with the molecular beam epitaxy method. 
A high performance was achieved for the 0.6 eV single-junction devices. The 
open-circuit voltage is 355 mV, power density is 0.532 W/cm2 and the fill factor 
is 66.5%.   
With the development of organic photovoltaic materials, some of the 
current organic photovoltaic materials are to be used in the micro-TPV system 
and achieve high-efficiency, stability, low cost and high speed production. 
Bundgaard and Krebs [84] developed low band gap polymers based on thiophene 
and benzothiadiazole. 1.65, 0.67 eV band gaps and device efficiency of 0.62% are 
achieved. They observed that the alignment of the energy levels with fullerene 
derivatives should be matched well for the purpose of decreasing the energy band 
gap and increasing the efficiency. Zhang et al. [85] synthesized a novel low band 
gap polymer with an electron deficient oxadiazole side chain. This polymer is 
soluble in common organic solvents and revealed that it had maximum absorption 
among 600-700 nm. Other low band gap polymers were developed by researchers 
as shown in Table 1-3. 
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Table 1-3 Low bandgap polymers 








PQTVTDPP 1.3 [87] 
However, the organic PV cells face the problem of poor thermal-to-
electricity conversion efficiency and instability in the high temperature 
applications.  
1.3 Summary of research gaps 
Based on the work undertaken that have been done by other researchers 
for decades, we realize that the system of the micro-TPV system is still far away 
from commercialization. The reasons for the decreased efficiency come from the 
three sources which are micro-combustors, filters/selective emitters and PV cells. 
The research gaps from the reported studies in the three components are 
summarized as below. 
 Low combustor wall temperature 
 Non-uniform temperature distribution at the combustor wall 
 Lack of studies on the combustor fueled by widely available fuels 
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 Filter with unexpected high transmittance at long wavelength range 
 Emitter with poor wavelength selectivity and material availability 
 PV cells with high bandgap and low efficiency 
1.4 Purposes of this study 
Based on the challenges and limitations discussed above, the overall aim 
of this study is to develop a micro-TPV system with widely available fuel, 
building material and high efficiency. Hence, the detailed objectives of the 
present study are: 
 Analyze the performance of the micro-combustor supported with the 
widely available fuel (syngas, which is mainly composed of H2 and CO) 
 Develop a micro-combustor to achieve the high wall temperature, high 
uniformity and high efficiency 
 Analyze the micro combustion process of the H2/CO blended fuel and 
combustor with baffles by the Second-Law of thermodynamics 
 Develop a filter with high transmittance at short wavelength range but 
high reflectance at long wavelength range 
 Develop a refractory frequency selective emitter with superior 




Generally, the results obtained in this thesis pave the way to a micro-TPV 
system with high efficiency and accelerates its progress in commercialization. As 
H2/CO blended fuel (syngas) is widely available, the study on the H2/CO fueled 
micro-combustor provides an alternative fuel source for the micro-TPV system. 
The operating cost of the micro-TPV system could be cut down significantly. The 
micro planar combustor with baffles demonstrates the high-temperature, high-
uniformity and high-efficiency. The Second-Law analysis is effective in 
evaluating the exergy destruction of the irreversible processes in the micro-
combustion. The development of metamaterial filter overcomes the drawbacks of 
high transmittance at long wavelength range of the previously reported filter. The 
fabricated TiN based frequency selective emitter/absorber has proven to be an 
emitter with the features of refractory, robust and high selectivity. Besides, the 
developed selective emitter/absorber could be applied to not only the micro-TPV 
system, but also other systems needing the spectral control such as heat assisted 
magnetic recording and plasmon heating mediated catalysis. 
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1.6 Organization of the thesis 
This chapter outlines the principle and significance of the micro-TPV 
system initially. The detailed literature review is presented after the general idea 
based on the previous investigations in terms of micro-combustor, selective 
filter/emitter and PV cells, respectively. Comments and short summary are given 
after each part of the review. The research gaps are obtained after the detailed 
literature review. In order to solve the problems that were found from the 
literature review, purposes of the present study were raised and the scopes were 
clarified. 
Chapter 2 presents the numerical investigation on the micro cylindrical 
combustor with the H2/CO blended fuel. The effects of the CO mass fraction in 
the H2/CO mixture are analyzed in terms of gas temperature and radiation energy 
along the combustor wall. Besides, the influences of the combustor length and 
combustor wall thickness are discussed. 
Chapter 3 presents the thermal performance of the micro planar combustor 
with baffles. The dimensionless baffles height and distance are optimized 
numerically. Experimental characterization is conducted to obtain the actual 
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combustor wall temperature, temperature distribution uniformity and the 
combustor efficiency. 
Chapter 4 shows the Second-Law analysis on the micro combustion 
process in the micro cylindrical combustor and the planar combustor with baffles. 
The irreversible processes that contribute to the exergy destruction are identified.  
Chapter 5 presents the development of a wideband and angle-insensitive 
metamaterial filter. The features such as wideband and angle-insensitivity are 
discussed. The developed filter is applied to a micro-TPV system and its 
performance is analyzed at varied fuel flow velocity and different distance 
between the combustor wall and the filter. 
Chapter 6 describes the properties of the designed and optimized TiN 
based nanocavity for tailoring the radiation spectrum from the combustor wall. In 
order to make the selective emitter meet the demands of the micro-TPV system 
working with various PV cells, the nanocavities are encapsulated with different 
dielectrics such as SiO2, Al2O3 and AlN. The effects of the encapsulating 
dielectrics are analyzed. 
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Chapter 7 incorporates the components developed in previous chapters: 
cylindrical combustor fueled by H2/CO (Chapter 2), planar combustor with 
baffles (Chapter 3), frequency selective filter (Chapter 5) and emitter (Chapter 6). 
The system efficiency is predicted with the variation of inlet flow velocity and 
CO mass fraction. 
Finally, the major contributions of the present study are summarized and the 










Chapter 2: Analysis on The Micro Cylindrical 
Combustor with H2/CO Blended Fuel 
2.1 Introduction 
In Chapter 1 we summarized that the technique of micro-scale combustion 
with widely available fuel is not well developed. In this chapter, the analysis on a 
micro cylindrical combustor fueled by H2/CO blended fuel is performed 
numerically. 
Syngas, which is mainly composed of H2 and CO is considered as another 
promising blended fuel because of its wide availability of sources including coal, 
biomass, organic waste and refinery residues [88]. Many works have been done to 
study its combustion characteristics. Hu et al. [89] studied the effect of 
composition on laminar burning velocities of H2/CO/N2/CO2/air mixture. They 
observed that the laminar burning velocity increased with increasing hydrogen 
fractions, and decreased with the addition of N2 and CO2. Ichikawa et al. [90] 
presented the flame structure and radiation characteristics of CO/H2/CO2/air 
turbulent premixed flame at high pressure. Among these studies on the H2/CO 
blended fuel, the combustion process on the performance of micro 
combustor/emitter has not been reported yet. 
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In order to fill the gap and explore alternative fuels to the micro-TPV 
system, this study presents the combustion process of the H2/CO blended fuel in 
micro cylindrical combustors. The effects of the composition of the H2/CO 
blended fuel on the radiated power and emitter efficiency are presented. Other 
factors such as inlet flow velocity, emitter length and wall thickness are also 
investigated. The obtained results can be used to identify the combustion process 
of the H2/CO blended fuel in micro-combustor/emitters and develop the H2/CO 
fueled micro-TPV system. 
2.2 Numerical model 
In order to investigate the radiated power from the combustor/emitter wall, 
a micro cylindrical combustor is designed. As shown in Figure 2.1, the mixture of 
fuel and air enters the inlet tube at the velocity of inU  and atmosphere temperature 
of 300 K. The tube has a fixed diameter of 3 mm and wall thickness of t varying 
from 0.4 to 0.6 mm. Combustion takes place in the chamber with a length of L, 
which varies from 16 to 20 mm. A 2-D axial symmetric computational domain is 




Figure 2.1 Schematic of micro cylindrical combustor 
Once the flame is stabilized in the micro combustor/emitter, an energy 
balance is achieved between the emitter and the environment. As a result, a 
steady-state model is employed with the assumptions made as follows to save 
computational time: (i) no Dufour effects, (ii) no gas radiation, and (iii) no surface 
reaction. The Dufour effect can be neglected because the energy flux caused by 
the mass gradient is generally small [91]. The cases with and without gas 
radiation are compared. However, the differences are not dramatic in terms of 
mean gas temperature and ignition distance. The comparison results of the 
combustor with and without gas radiation are similar to those obtained from Ref. 
[18]. Based on the assumptions made above, the governing equations which 
describe the conservation of mass, momentum, energy and species are expressed 
as follows. 
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Where hS  is the fluid enthalpy source. 



















                                          (2.4) 
Where mR  is the net production rate of species m by chemical reaction and 
mjJ  is the diffusion flux of species m. 
The governing equations are fixed by boundary conditions. Velocity is 
applied as the inlet boundary condition. Both fully developed and uniform 
velocity profiles are employed for comparison. No significant difference is 
observed in terms of gas temperature between the two velocity profiles (less than 
3 K). However, the fully developed velocity profile is found to affect the position 
where the flame is anchored [92]. In this study, a uniform velocity profile inU  is 
adopted. The temperature of the inlet mixture is set to be 300 K. Pressure is set as 
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the outlet boundary condition and it is set as atmosphere pressure. The calculation 
of solid-fluid interaction is achieved by the Coupled method in Ansys Fluent 
software. The calculation of temperature on the solid wall is based on the solution 
from adjacent cells. The boundary condition for the non-insulating wall is 
described by natural convection and radiation. Eq. (2.5) describes the energy loss 
through the emitter wall. lossq  refers to the energy loss, in 
3/ mW . fh  refers to the 
convective heat transfer coefficient.   is the emissivity of the emitter wall. s  is 
the Stefan-Boltzmann’s constant. wT  and T  are the emitter wall temperature and 
ambient temperature, respectively. According to previous studies [93, 94], the 
convective heat transfer coefficient and emissivity of the stainless steel emitter 
wall are 10 )/( 2KmW  and 0.7-0.8 respectively. The emitter operates at the 
atmosphere temperature of 300 K. Premixed combustion is adopted and the 
chemical reaction of H2/CO/air is modeled by a detailed reaction mechanism with 
14 species and 38 reaction steps [95].  
)]()( 44   TTTThq wwfloss                                      (2.5) 
Ansys Fluent software [96] has been widely used for modeling fluid flow 
and combustion processes because of its diverse combustion models and ancillary 
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infrastructure. The software is employed to solve the 2-D model mentioned above 
for obtaining better accuracy with shorter computational time. The fluid regime is 
assumed to be laminar. A mass-fraction-weighted average method is utilized to 
calculate the viscosity, specific heat and thermal conductivity of the fuel and air 
mixture. A piecewise polynomial fitting method is employed to calculate the 
specific heat of the species. Coupled algorithm which is convenient to solve the 
coupling between pressure and velocity is employed to discretize the governing 
equations. The residuals for continuity, momentum, and species are set to be 
1×10-3 for the criteria of convergence. 1×10-6 is set as the energy convergence 
criterion. Three mesh designs which have 14,980, 38,400 and 86,400 cells are 
compared in terms of gas temperature along the centerline of the micro-combustor 
to ensure a mesh independent solution. The results are obtained when the inlet 
flow velocity is 3 m/s and the equivalence ratio of H2/air is 1.0. As can be seen in 
Figure 2.2, a mesh with 38,400 cells differs about 0.23% in terms of gas 
temperature from a finer mesh with 86,400 cells. However, a deviation of 1.47% 
is observed when a mesh with 14,980 cells is used. As a result, the mesh with 
38,400 cells is used to obtain solution to get better accuracy as well as to reduce 
the computational time. The effect of near wall resolution is also investigated. It is 
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found that the gas temperature of the case with 0.038 mm near wall resolution 
differs about 0.07% in terms of gas temperature from a finer near wall resolution 
which is 0.025 mm. 
 
Figure 2.2 Grid independency test 
2.3 Results and Discussion 
2.3.1 Validation 
 The Davis’s reaction mechanism with 14 species and 38 reaction steps is 
employed for calculating the H2/CO/air flames in the micro cylindrical combustor. 
The Davis’s reaction mechanism has been validated in terms of laminar burning 
velocities elsewhere [88, 89]. The validation on the combustor wall temperature 
is presented in this study. The predicted wall temperature of the channel obtained 
from Davis’s H2/CO/air mechanism is compared with the result from 
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Giovangigli’s H2/air mechanism [97, 98] with 9 species and 19 reaction steps and 
experiment. In order to ensure the two results to be comparable, the mass fraction 
of CO is set to be 0 in the Davis’s mechanism. The H2/air mixture is in 
stoichiometric condition and the flow velocities are 1 m/s, 2 m/s and 3 m/s as 
shown in Figure 2.3 (a), (b) and (c), respectively. The wall temperature values 
predicted by the two mechanisms are in close agreement with the experimental 
data. As shown in the figure, the peak value of the wall temperature and the 
subsequent decay are well predicted. The wall temperature increases 




Figure 2.3 Wall temperature profiles from the two reaction mechanisms and 
experiment at  =1.0,  = 1m/s (a),  = 2 m/s (b) and  = 3 m/s (c) 
2.3.2 Effects of flow velocity 
This study presents the effects of flow velocity on the radiated power 
distribution along the emitter wall with different CO mass fractions. In order to 
prevent the flash-back phenomenon, the flow velocity at the inlet of the micro 
emitter varies from 2 to 3 m/s. Four cases have been taken for comparison that 
represents 5%, 10%, 15% and 20% of the CO mass fraction in the H2/CO/air 
mixture. To ensure the comparability, the total input energy is kept the same. As 
the CO possesses a much lower LHV (lower heating value), 20% is set as the 
highest limit. The mass flow rates of H2, CO and air for all the cases are listed in 
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Table 2-1. Due to the lower O2 consumption of CO comparing with H2, the cases 
with 5%, 10%, 15% and 20% of CO mass fraction become fuel lean conditions.  
Table 2-1 Mass flow rates of H2, CO and air ( inU =2 m/s) 
Mass fraction of CO 
5% 10% 15% 20% 
Mass flow rate of H2 (kg/s) (×10
6) 
0.316 0.251 0.178 0.0958 
Mass flow rate of CO (kg/s) (×106) 
0.698 1.47 2.34 3.315 
Mass flow rate of air (kg/s) (×106) 
12.9 13.0 13.1 13.2 
Input energy of H2 (W) 
37.9 30.1 21.3 11.5 
Input energy of CO (W) 
7.05 14.9 23.7 33.5 
Total input energy (W) 




Figure 2.4 (a) gas temperature along the centerline ( inU  = 2 m/s), (b) gas 
temperature along the centerline ( inU  =2.5 m/s), (c) local heat release rate along 
the centerline ( inU = 2 m/s), (d) local heat release rate along the centerline ( inU  
=2.5 m/s), (e) radiated power along the emitter wall (Uin=2 m/s) and (f) radiated 
power along the emitter wall (Uin=2.5 m/s) 
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Figure 2.4 (a) illustrates the gas temperature along the centerline when the 
flow velocity is 2 m/s. It is shown that the addition of CO yields a lower gas 
temperature. This could be attributed to the decreased local heat release rate with 
the increase of CO addition as shown in Figure 2.4 (c). Furthermore, with the 
increase of CO mass fraction, the high gas temperature region is observed to be 
anchored far away from the entrance. This is due to the low flame speed in the 
cases with high CO mass fractions [99]. With the increase of flow velocity from 2 
to 2.5 m/s, the high gas temperature regions are found to be blown even further 
from the entrance, as shown in Figure 2.4 (b). Besides, the peak value for local 
heat release rate also increases with flow velocity as shown in Figure 2.4 (d). This 
is because more energy is brought in by the increased flow velocity, which 
releases more heat when the chemical reaction takes place. Figures 2.4 (e) and (f) 
show the radiated power profiles along the emitter wall with different mass 
fraction of CO at the flow velocity of 2 and 2.5 m/s, respectively. The radiated 
power is calculated based on Stefan-Boltzmann’s law [100] as shown in Eq. (2.6). 
In Figure 2.4 (e), the peak value for the radiated power of the case with 5% CO 
mass fraction is the highest. The radiated power distribution of the case with 10% 
CO mass fraction is slightly higher than that with 5% CO mass fraction after the 
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peak value. This is because the peak local heat release rate in the case with 5% 
CO mass fraction is only slightly higher than the case with 10% CO mass fraction 
as shown in Figure 2.4 (c). However, the peak heat release position of the case 
with 5% CO mass fraction is closer to the inlet which results in higher heat loss 
comparing with the case with 10% CO mass fraction. The lagging release of 
thermal energy in the case with 10% CO mass fraction results in the movement of 
the profile towards the exit of the emitter, and this is the reason for its higher 
radiated power distribution after the peak value. As shown in Figure 2.4 (e) and 
(f), when the CO mass fraction is further increased to 15% and 20%, the 
maximum magnitudes of radiated power profiles decrease significantly. The 
decrease of radiated power is attributed to the decreased wall temperature, which 





P s                                                         (2.6)  
As shown in Figures 2.5 (a)-(c), the peak values of the gas temperature, 
local heat release rate and radiated power are increased with the increase of the 
flow velocity to 3 m/s. Compared with the cases at the flow velocities of 2 and 2.5 
m/s, the differences of radiated power between various CO mass fractions are 
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increased. This implies that the difference will be further increased at even higher 
flow velocity condition. Figure 2.5 (d) illustrates the emitter efficiency varying 
the flow velocities (2, 2.25, 2.5, 2.75 and 3 m/s) and CO mass fractions. The peak 
emitter efficiency is obtained when the flow velocity is 2 m/s and CO mass 
fraction is 5%. However, when the inlet flow velocity is lower than 2.25 m/s and 
the CO mass fraction is lower than 10%, the emitter efficiency does not change 
much. With the flow velocity and CO mass fraction increasing beyond this range, 




Figure 2.5 (a) gas temperature along the centerline ( inU =3 m/s), (b) local heat 
release rate along the centerline ( inU =3 m/s), (c) radiated power along the wall 
( inU =3m/s) and (d) emitter efficiency 
2.3.3 Effects of tube length and wall thickness 
It is known that the wall temperature of a cylindrical micro-combustor is 
affected by various factors such as emitter wall thermal conductivity, emitter 
diameter and so on. The results of such effects have been discussed in Refs. [101-
103]. In our experiment, the effects of emitter length and wall thickness are 
presented. Figures 2.6 (a) and (b) show the radiated power along the emitter wall 
when the tube lengths are 16 and 20 mm, respectively. In comparison with the 
66 
 
emitter with the length of 18 mm, there is a slight change in peak value. However, 
a trend could be observed that the radiated power distributions of shorter emitters 
are more uniform than those of longer emitters. In the longer emitters, the radiated 
power decrease more rapidly. This could be attributed to the increased heat loss 
from the longer emitter wall to the ambient environment. The effects of CO mass 
fraction on radiated power are not influenced by the emitter length as shown in 
Figure 2.6 (a) and (b). Figure 2.6 (c) and (d) depict the radiated power profiles 
with the emitter wall thickness of 0.4 and 0.6 mm, respectively. It is found that 
the peak value with wall thickness of 0.4 mm is much higher than that with 0.5 
and 0.6 mm. This is because the thinner emitter wall with a lower thermal 
resistance leads to a higher emitter wall temperature. As described by Eq. (2.6), 
the radiated power is proportional to the fourth power of the wall temperature. 




Figure 2.6 (a) radiated power profiles along the emitter with the length of 16 mm, 
(b) radiated power profiles along the emitter with the length of 20 mm, (c) 
radiated power profiles along the emitter with the wall thickness of 0.4 mm and (d) 
radiated power profiles along the emitter with the wall thickness of 0.6 mm 
The emitter efficiencies varying with emitter length, wall thickness and 
CO mass fraction are illustrated in Figure 2.7 (a) and (b). It is found that the 
emitter efficiency values decrease with the increase of CO mass fraction, 
implying that the emitter length and wall thickness do not influence the effects of 
CO mass fraction on emitter efficiency. Although the radiated power distribution 
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on the emitter wall decrease slightly with the increased emitter length, but the 
emitter efficiency increases. This is attributed to the increased surface area of the 
longer emitters. The emitter efficiency value increases with the decreased emitter 
wall thickness which is due to the significantly increased radiated power along the 
emitter wall. The emitter efficiency value in this study is slightly lower than the 
value of the conventional micro cylindrical combustors fueled by H2/air [104]. 
From Figure 2.7, an optimal condition can be identified for the highest combustor 
efficiency. Under this condition, the CO mass fraction is 0, the combustor length 
is 20 mm and the combustor wall thickness is 0.4 mm. From the radiated power 
profile, we can also find that the temperature distribution uniformity is also not 
good enough. These features may lead to a relatively lower efficiency of the 
micro-TPV system. However, the present study provides a reference to the 
development of micro-TPV system fueled by syngas which is widely available. 
Besides, the combustor efficiency in this study could be further increased by 
employing the heat recuperation and other designs which helps to improve the 
performance of the micro combustor [21]. With the advantage of wide availability 
of the H2/CO sources, the blended fuel could be a promising alternative to the 
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existing fuels and the H2/CO fueled micro-TPV system could be more attractive 
for its low cost. 
 
Figure 2.7 (a) Emitter efficiency varying with emitter length and CO mass 
fraction (b) emitter efficiency varying with wall thickness and CO mass fraction 
2.4 Conclusion of this chapter 
This chapter explored the effects of H2/CO blend ratio on the radiated 
power of micro combustor/emitter with varied lengths and wall thicknesses. It is 
found that at the condition of 0 mass fraction of CO in the fuel, the Davis’s 
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chemical reaction mechanism matches well with the Giovangigli’s mechanism in 
terms of gas temperature, H2 mass fraction and emitter wall temperature. It 
implies that the Davis’s mechanism is suitable in predicting the gas temperature in 
micro combustion applications. Moreover, when the flow velocity is 2 m/s, the 
peak radiated power for the case with CO mass fraction of 10% is almost the 
same as for the case with 5% CO mass fraction. The value becomes slower when 
the CO mass fraction further increases to 15% and 20%. As a result, the emitter 
efficiency decreases with increased flow velocity and CO mass fraction. The 
emitter efficiency value increases with increased emitter length and decreased 
wall thickness. Although the efficiency of the combustor fueled by H2/CO/air 
blended fuel is a bit lower than the micro cylindrical combustors fueled by H2/air, 
the H2/CO/air blended fuel possesses the advantage of wide availability. The 
results in this study pave the way for the development of micro-TPV system 





Chapter 3: Development of Micro Planar Combustor 
with Baffles 
3.1 Introduction 
With respect to the limitations mentioned in section 1.1.1.1, the 
geometrical optimization on the micro-combustor is far from mature in terms of 
wall temperature, uniformity and combustor efficiency. 
In order to obtain a high performance micro-combustor with features of 
high wall temperature, high uniformity and high efficiency, in this chapter, we 
propose the micro planar combustors with baffles. The heights and distance of the 
baffles are analyzed to obtain the optimal design for the first step via numerical 
simulation. Then the thermal performances of micro-combustor with baffles are 
investigated for various inlet mass flow rates and equivalence ratios in terms of 
experiment. The basic principle of the planar combustor with baffles is to utilize 
the heat from the exhaust gas to preheat the fresh fuel and oxidizer, thereby 
leading to an improved combustor performance. 
3.2 Methodology 
3.2.1 Numerical model 
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From the literature review in Table 1-1, we find that the majority of the reported 
heat-recirculated micro-combustors are cylindrical. However, the micro 
cylindrical combustors are not favorable in the micro-TPV system for their 
reduced view factor [4]. To avoid the shortcomings from the micro cylindrical 
combustor, we develop the combustor based on planar structure as illustrated in 
Figure 3.1a. The planar combustor has a total height of 1h , width w  and length l . 
The two channels with green arrow are the inlet ports with the diameter of 1w  . 
Two baffles with the height of 2h  are welded in the planar combustor for 
recirculating the hot reacting gas. The outlet port is with the width 2w  and l  in 
length. The thicknesses ( t ) of the combustor walls and baffles are identical, 
which is 0.5 mm. In the numerical simulation, the combustor width and length are 
kept the same, which are 11 and 18 mm, respectively.  
As shown in Eq. (3.1) and (3.2), dimensionless number   is defined to 
describe the ratio of baffle height to the combustor height and dimensionless 
number   refers to the ratio of the distance between the two baffles to the total 
combustor width. The H2/air mixture is supplied by the connection tubes with the 
insertion length of 3h  as shown in the blue color in Figure 3.1a. The tubes could 
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be simply plugged in the planar combustor and the insertion length ( 3h ) could be 
adjusted by adding washers. With more washers installed, the connection tube 
insertion length is reduced. The H2/air mixture entered the inlet boundary at 300 
K and the outlet boundary remained at atmosphere pressure. As shown in Figure 
3.2, the H2/air mixture flows from the bottom to the top of the combustor, by the 
effect of the baffles, the flow directions of the reacting gases are U-turned. As a 
result, the heat from the exhaust can be utilized to preheat the fresh H2/air mixture. 
The calculation of the heat losses through the walls includes the convective heat 
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Figure 3.1 (a) schematic of the micro-combustor with baffles and (b) the photos 
of the fabricated micro planar combustor 
Once the flame is stabilized in the micro-combustor, an energy balance 
between the combustor and the environment is achieved. The body force and heat 
transport caused by concentration gradients can be neglected due to their small 
magnitude. The following assumptions are made: (1) no Dufour effects [91]; (2) 
no work done by pressure; (3) no surface reactions; (4) no gas radiation [105]. 
The governing equations are different from those in Chapter 2 because the flow is 
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defined as turbulent. It is known that a turbulent model should be adopted when 
the Reynolds number exceeds 500 [106] in the heat-recirculating chamber. As a 
result, the governing equations are expressed as [107]: 










                                                     (3.3) 


























                                  
(3.4) 





































                         
(3.5) 



















                                           (3.6) 
Where   is the density, iu  and ju  are the velocity components, p  is the 
pressure, ij  is the stress tensor, 
"
iu  and 
"
ju  are the Reynolds stresses, h is the 
total enthalphy, effk  is the effective thermal conductivity which includes the effect 
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of turbulence modeling, hS  is the fluid enthalpy source, mR  is the net production 
rate of species m  by chemical reaction and mjJ  is the diffusion flux of species m . 
































                             (3.7) 
Where T  is the turbulent viscosity, ij  is the Kronecker delta.  
 
Figure 3.2 Velocity distribution inside the micro-combustor with baffles 
The mesh independency study is performed when the mass flow rate of 
H2/air stoichiometric mixture is 5 m/s. As can be seen in Figure 3.3, a mesh with 
300,000 cells has a difference less than 2% in terms of flame temperature 
compared to that with a finer mesh while a deviation of 7% is observed when a 
mesh with 150,000 cells is used. As a result, the mesh with 300,000 cells was 
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used to obtain solution to get better accuracy as well as to reduce the 
computational time. Details on the boundary conditions and methods for solving 
the governing equations. 
 
Figure 3.3 Mesh independency study 
3.2.2 Experimental setup 
After identifying the optimal   and   values of the micro-combustor with 
baffles (will be introduced in section 3.3.1), a micro combustor is fabricated as 
shown in Figure 3.1b. The fabricated micro-combustor is connected with the 
experimental set up as shown in Figure 3.4. In the setup, a hydrogen cylinder and 
an air compressor are used to supply the compressed hydrogen and air, 
respectively. The compressed hydrogen and air flow through the Brooks mass 
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flow rate controller towards the premixing plenum which enhances the mixing of 
the fuel and the oxidant. Then the H2/air mixture flows into the planar combustor 
for combustion. A spark ignitor is employed to initialize the combustion at the 
exit plane of the combustor. Once the combustion initiated, the combustor wall is 
in high brightness. A Raytek infrared thermometer (Model MA2SSCF, with an 
accuracy of ± (0.3%T+1) K) is utilized to measure the combustor wall 
temperature and the data are recorded in a desktop. The infrared thermometer is 
installed on the high precision height gauge (Mitutoyo, precision 0.001 mm). The 





Figure 3.4 Experimental setup of the micro-combustion system 
3.3 Results and Discussion 
3.3.1 Geometric parameter optimization 
Numerical simulation is performed to obtain the optimal heights of the 
baffles and the distances between them.  A validation is performed in terms of 
combustor wall temperature between the numerical and experimental result. In the 
validation, the inlet flow velocity inU =6 m/s, equivalence ratio  =1, 
dimensionless baffle height  =0.7 and dimensionless baffle width  =0.45. As 
shown in Figure 3.5, the numerical result is close to the experimental result. Both 





Figure 3.5 Experimental validation on the numerical result ( inU =6 m/s,  =1, 
=0.7 and  =0.45) 
Figure 3.6 shows the effects of H2/air mass flow rate and dimensionless width   
on the combustor wall temperature distribution. In order to investigate the effect 
of  ,   is kept as constant which is 0.7 for all the combustors. It is found that 
increasing H2/air mass flow rate gives a higher wall temperature, which is simply 
because the energy input rate is increased with the increase of flow velocity ( inU
=4, 5 and 6 m/s), resulting in a higher heat release rate. With the increase of   
value, the high temperature region is found to shift downstream for all the three 
mass flow rates. A high   value implies that the flow area of inlet is decreased. 
As a result, the flow velocity in the two channels that are connecting with inlet 
will be increased. As can be observed in the figure, the mean wall temperature in 
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the low   value combustor is higher than that with high   value. This is 
attributed to the relatively low flow velocity and a subsequent more complete 
combustion. Besides, the wall temperature distributions in the combustors with   
value between 0.4 and 0.5 are more uniform than those with   value of 0.3 or 0.6. 
As a result, the optimal dimensionless baffles distance   should be between 0.4 
and 0.5. For experimental characterization, a combustor with   value of 0.45 is 
employed. Figure 3.7 shows the effects of H2/air mass flow rate and   on 
combustor wall temperature distribution. It is obvious that a higher wall 
temperature can be obtained with the increase of  , meanwhile, the temperature 
distribution becomes more and more uniform. This is because the flow path is 
increased by the higher baffles which lead to longer gas residence time and 
thereby a more complete combustion. At the same time, a bigger  can help to 
deliver the fuel/air mixture to the whole combustion chamber. At very low   
conditions, part of the H2/air mixture is blown out before complete combustion. 
From the numerical simulation, the optimal dimensionless baffle height is 0.9. 
Besides, the variances of the wall temperature distributions in the combustors 
with δ value between 0.4 and 0.5 are 710 and 437 at 4 m/s, 469 and 653 at 5 m/s, 
822 and 1030 at 6 m/s, respectively. With consideration of different flow velocity 
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Figure 3.7 Temperature distributions on combustor wall with respect to  ( =1.0, 
 =0.45) 
3.3.2 Effects of flow velocity 
Considering the optimal   (0.4-0.5) and   (0.9) values, a micro-
combustor is fabricated with a total height of 1h =10.5 mm, width w =11 mm and 
length l =2 mm. The two channels with green arrow are the inlet ports with the 
diameter of 1w  =2 mm. Two baffles with the height of 2h =7.5 mm are welded in 
the planar combustor for recirculating the hot reacting gas. The outlet port is 5 
mm in width ( 2w ) and 1 mm in length. In this case, the   value is 0.45 and the   
value is 0.75 which is a bit smaller than the obtained optimal value. This is 
limited to the fabrication technique and accuracy.  
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In order to understand the effects of the inlet flow velocity, experimental 
characterizations are conducted at varied inlet flow velocities ( inU =3 m/s to inU =6 
m/s) and fixed H2/air equivalence ratio ( =1). 3 m/s is adopted as the smallest 
inlet velocity to avoid the quenching phenomenon [108]. The high velocity limit 
(6 m/s) is employed to prevent the overheating of the micro-combustor and extend 
the lifetime of the combustor. Besides, in order to find out the effects of the 
insertion length ( 3h ) of the connection tube, varied values from 1.5 mm to 6 mm 
are adopted. Figure 3.8 (a-f) shows the measured wall temperature distribution at 
different insertion lengths and flow velocities. Generally, the temperature 
distributions of Figure 3.8 (d-f) are much higher than those in Figure 3.8 (a-c). 
This is because the inlet flow velocity increases from 3 m/s to 6 m/s. With the 
increase of the inlet flow velocity, more input energy from hydrogen is brought in 
the micro-combustor and converted into thermal energy. It is easy to identify that 
the combustor wall temperature increases from Figure 3.8 (a) to Figure 3.8 (c) and 
from Figure 3.8 (d) to Figure 3.8 (f). This suggests that the combustor wall 
temperature is not only affected by the inlet flow velocity, but also by the 
connection tube insertion length 3h . In order to understand the influences of 
insertion length on the combustor wall temperature, numerical simulation is 
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performed to obtain the velocity field distribution. Figure 3.9 (a-c) illustrates the 
cross view of the velocity distribution of the combustors at varied insertion 
lengths and fixed inlet velocity inU =6 m/s. It is found that with the occurrence of 
the combustion, the gas flow velocity has been accelerated. The peak velocity 
positions and areas are almost the same for the three combustors. As a result, the 
hot reacting gas residence time varies with the different insertion length of the 
connection tube. Ignoring the fluid involves in the swirls and the boundary layers, 
the calculated hot gas residence times in the three combustors are 267, 317 and 
417 s , respectively. The increased residence time leads to a better convective 
heat transfer between the hot reacting gas with the combustor inner wall. The 
peak wall temperature (1300 K) is obtained at the case of 3h =1.5 mm and inu =6 
m/s. The insertion length of the connection tube could be further increased by 
welding the connection tube with the combustor inlet. In this case, the insertion 




Figure 3.8 Measured combustor wall temperature distributions of (a) inU =3 m/s, 
3h =6 mm, (b) inU =3 m/s, 3h =4.5 mm, (c) inU =3 m/s, 3h =1.5 mm, (d) inU =6 m/s, 
3h =6 mm, (e) inU =6 m/s, 3h =4.5 mm and (f) inU =6 m/s, 3h =1.5 mm at 
equivalence ratio  =1.0 
 
Figure 3.9 Predicted velocity magnitude distribution in the combustors with (a) 
3h =6 mm, (b) 3h =4.5 mm and (c) 3h =1.5 mm at equivalence ratio  =1.0 and 
velocity inU =6 m/s 
To meet the standard of a high performance micro-combustor, besides the wall 
temperature value, the temperature distribution uniformity and the combustor 
efficiency are the factors that need to be considered. In order to investigate the 
wall temperature distribution, variance has been employed to show the uniformity. 
As shown in Eq. (3.8), variance ( 2S ) describes the deviation between every single 
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temperature value with the mean temperature value. In which, ix  is the wall 
temperature value on the measurement point and x  is the mean wall temperature. 
For the combustor wall with the area of 11×10.5 mm2, we measured the 
temperature values of 7×7 points which are evenly distributed. Besides, the 
combustor efficiency is also calculated based on the measured combustor wall 
temperature. The expression of the combustor efficiency is shown in Eq. (3.9). In 
Eq. (3.9), the combustion efficiency equals the ratio of the radiation energy on the 
combustor wall to the total input energy. As the planar combustor has two major 
surfaces radiating photons, the area A  value in Eq. (3.9) is twice the surface area 
which is 2×11×10.5 mm2. The emissivity of the combustor wall which is made of 
stainless steel is 0.78. Figure 3.10 depicts the variance of temperature distribution 
and combustor efficiency. It is shown that the connection tube insertion length ( 3h ) 
affects the variance of temperature distribution dominantly. With the decrease of 
3h , the variances of temperature distribution at each inlet flow velocity decrease 
significantly. This is due to the better convection effect which is caused by the 
enhanced gas residence time in the combustor with smaller 3h  values. With the 
increase of inlet flow velocity, the variances of the cases with 3h =6 mm and 3h
=4.5 mm increase simultaneously. This is because the increased flow velocity 
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would decrease the gas residence time further. In this case, most of the thermal 
energy is released in the center channel. This leads to the non-uniform 
temperature distribution on the combustor wall. The variance of temperature 
distribution of the combustor with 3h =1.5 mm remains the same at increased flow 
velocity conditions. We further extends the inlet flow velocity to 9 m/s on the 
combustor with 3h =1.5 mm. A very uniform temperature distribution is observed 
and the variance is 487. The result suggests that the variance of temperature 
distribution of the combustor with 3h =1.5 mm is independent of inlet flow 
velocity. It is found the combustor efficiency increases with the decrease of 3h  
value. With the increase of flow velocity, the efficiency increases first from inU
=3 m/s to inU =4 m/s, then the efficiency drops from inu =4 m/s to in
U =6 m/s. 
Comparing with the case with h3=6 mm, the case with h3=4.5 mm implies a 
longer gas residence time inside the combustor. As a result, the case h3=4.5 mm 
shows a higher efficiency than the case with h3=6 mm. With the increase of flow 
velocity (exceeds 4 m/s), more fuel flew into the combustor and causes the energy 
loss from the hot gas. The larger the flow velocity is, more energy loss is 
predicted. As a result, when the flow velocity exceeds 4 m/s, this phenomenon 
becomes more significant and leads to obvious efficiency drop. 
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For this specific micro-combustor, inU =4 m/s is the point with maximum 























                                             (3.9) 
 
Figure 3.10 Variance and combustor efficiency of the combustors with different 
insertion length ( 3h ) and inlet velocity ( inU ) 
3.3.3 Effects of H2/air equivalence ratio 
Equivalence ratio ( ) describes whether the H2/air mixture is in fuel lean 
or rich condition. It affects the combustion process much due to the varied fuel to 
oxidant ratio. Here we study the performances of the planar combustor at varied 
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equivalence ratios from fuel lean condition ( =0.8) to fuel rich condition ( =1.2). 
Fixed inlet flow velocity inU =6 m/s is adopted. Figure 3.11 presents the measured 
combustor wall temperature distribution at different equivalence ratio and 
connection tube insertion lengths. It is found that Figure 3.11 (d-f) shows higher 
temperature distribution than Figure 3.11 (a-c). Especially in Figure 3.11 (a) and 
(b), green color which indicates lower temperature distribution could be identified 
at the corners of the two combustors. This is due to the reduced mass fraction of 
H2 ( =0.8) of the cases in Figure 3.11 (a-c). Similar with the scenarios in the 
effects of flow velocity, the wall temperature distribution could be increased by 
reducing the insertion length ( 3h ). Besides, we can observe that the temperature 
distributions of the cases in Figure 3.11 (d-f) are more uniform than those in 
Figure 3.11 (a-c). This could also be observed from the variance of temperature 
distribution as shown in Figure 3.13. With the increase of equivalence ratio, all 
the three variance curves decrease. It is known that in the fuel lean H2/air mixture, 
the ignition in such mixture is more difficult than that in the stoichiometric 
mixture [109]. This could be observed in Figure 3.12 which illustrates the mass 
fraction of H2 of the cases with  =0.8 and  =1.2 at 3h =1.5 mm. It is found the H2 
mass fractions are the highest at the inlet part for both the two combustors. When 
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the combustion happens, the H2 mass fraction starts decreasing until it is fully 
consumed. However, a big difference could be observed for the position where 
the H2 mass fraction starts decreasing for the two cases with  =0.8 and  =1.2. 
The delayed ignition position of the case with  =0.8 reduces the gas residence 
time in the combustor, thus decreasing the uniformity. The combustor efficiencies 
are found to be dropping with the increase of the equivalence ratio. The higher 
equivalence ratio means more H2 content and more input energy. However, the 
temperature increase in the wall temperature with the increase of equivalence 
ratio is not obvious. As a result, the combustor efficiency drops. The efficiency 
trends for the cases h3=4.5 and h3=6 mm are generally decreasing with the 
increase of equivalence ratio. However, the case with h3=4.5 mm decreases 
slightly first but more significantly after equivalence ratio equals to 1, but the case 
with h3=6 mm drops significantly first and slightly after the point of equivalence 
ratio of 1. It is known that a higher equivalence ratio will lead to a longer flame 
front as shown in Figure 3.12. As a result, for the case with h3=4.5 mm, when the 
equivalence ratio is smaller than 1, this effect is not obvious and the efficiency 
drops slightly. However, when the equivalence ratio increases to more than 1, this 
effect is more obvious and leads to the sudden decrease in efficiency. For the case 
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with h3=6 mm, the incomplete combustion happens consistently with the variation 
of equivalence ratio. 
 
Figure 3.11 Measured combustor wall temperature distributions of (a)  =0.8, 3h
=6 mm, (b)  =0.8, 3h =4.5 mm, (c)  =0.8, 3h =1.5 mm, (d)  =1.2, 3h =6 mm, (e) 
 =1.2, 3h =4.5 mm and (f)  =1.2, 3h =1.5 mm at velocity inU =6 m/s 
 




Figure 3.13 Variance and combustor efficiency of the combustors with different 
insertion length ( 3h ) and equivalence ratio ( ) 
3.3.4 Performance in the micro-TPV system 
In order to test the performance of the designed planar combustor in the 
micro-TPV system, an optimal condition is identified. In this condition, flow 
velocity inU  is 8 m/s, equivalence ratio  =0.8 and connection tube insertion 
length 3h =1.5 mm. A bright and uniform temperature distribution is obtained as 
shown in Figure 3.14a. Besides, 1354 K peak wall temperature and 1307 K mean 
wall temperature are achieved and the variance of temperature distribution is 
683.4. The combustor efficiency is 17.88%. After identifying the optimal 
operating condition, the planar combustor is incorporated in a micro-TPV system 
as shown in Figure 3.14b. The micro-TPV system includes the planar combustor, 
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metamaterial filter developed by our group [110] and InGaAsSb PV cell. The 
metamaterial filter is employed to transmit the photons with the energy greater 
than the PV cell, but reflects the photons with the energy smaller than that. In this 
case, the reflected photons are useful in further increasing the combustor wall 
temperature and the system efficiency. As shown in Figure 3.14c, the combustor 
at optimal condition possesses the wall temperature as high as 1354 K. This high 
temperature enables a large amount of radiation energy as shown in the yellow 
color converting into electricity directly. The radiation energy which is beyond 
the bandgap of the PV cell (shadow area) would be reflected to the combustor 
wall by the metamaterial filter. By using the DO (discrete ordinate) model in 
Ansys Fluent, the mean combustor wall temperature is found to be further 
increased to 1420 K and the combustor efficiency reaches 27.4% when the 
combustor-filter distance is 1 mm. By calculating the efficiency of the filter and 




Figure 3.14 (a) Experimental photo of the optimal condition, (b) Schematic of the 
micro-TPV and (c) Spectral radiance of the planar combustor 
3.4 Conclusion of this chapter 
A micro planar combustor was studied for high temperature micro-TPV 
system. For this designed planar combustor, the connection tube insertion length 
was tunable. The planar combustor was connected with the experimental setup for 
testing. In order to characterize the micro combustor from the three aspects 
including wall temperature, temperature distribution uniformity and combustor 
efficiency, an infrared thermometer was employed for measuring the wall 
temperature, variance of temperature distribution was utilized to describe the 
uniformity and the efficiency was calculated. Finally, the optimal operating 
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condition of the micro planar combustor was incorporated into the micro-TPV 
system to investigate the system efficiency. The conclusions could be summarized 
as below. 
1) From the numerical simulation, it is found that when the   and   values 
are 0.4-0.5 and 0.9, the combustor wall temperature are the highest and the 
most uniform. 
2) The combustor wall temperature increased with inlet flow velocity. At 
high insertion length condition (above 1.5 mm), the temperature 
distribution uniformity decreased with the increased flow velocity. 
However, the uniformity of the combustor with 1.5 mm connection tube 
insertion was independent of flow velocity. Optimal combustor efficiency 
was obtained when the inlet flow velocity was 4 m/s. After this velocity, 
the combustor efficiency kept decreasing. 
3)  With the increase of H2/air equivalence ratio, the wall temperature 
increase was not obvious. As a result, the combustor efficiency dropped 
significantly with the increase of equivalence ratio. However, the increase 
97 
 
of equivalence ratio was favorable in obtaining high temperature 
distribution uniformity. 
4) By incorporating the micro planar combustor with the micro-TPV system 
with metamaterial filter at the optimal operating condition ( =0.8, 3h =1.5 
mm and inu =8 m/s), the mean combustor wall temperature and combustor 
efficiency reached 1420 K and 27.4%. This was superior to the results 
obtained from the literature. Finally, the system efficiency was predicted 
to be 4.1%. 
The proposed micro planar combustor with high temperature, high 
uniformity and high efficiency paves the way to the spread of the high 
performance micro-TPV system. In the future, the combination of high 
performance micro-combustor with frequency selective emitter should be 




Chapter 4: Second-Law Analysis of Fuel Lean 
Premixed H2/CO/air Flames and The Combustion in 
Planar Combustor with Baffles 
4.1 Introduction 
The analysis of entropy generation and exergy loss is effective in 
evaluating the performance and minimizing the irreversibility in the systems 
which consumes energy [32, 111]. From the viewpoint of thermodynamics, 
entropy generation will always produce irreversible processes, and the decrease of 
entropy generation means the decrease of irreversibility and less loss of exergy 
[33]. Hence the analysis of entropy generation and exergy loss has been used by 
researchers to minimize the irreversibility and exergy loss in the four irreversible 
processes. These processes include chemical reaction, thermal conduction, mass 
dissipation and fluid friction involved in the combustion process [42-44]. 
H2/CO/air mixture, which is the major content of syngas, appears to be a 
particularly attractive blended fuel for power generation systems for its wide 
availability of sources [29, 112, 113]. Several studies have been reported to 
investigate the fundamental combustion properties of H2/CO/air flame [114, 115]. 
The detailed analysis on the H2/CO/air fueled micro cylindrical combustor has 
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been carried out in Chapter 2. This chapter undertakes a first investigation on the 
Second-Law performance of the H2/CO/air fueled micro cylindrical combustor. 
The volumetric entropy generation rate distributions induced by the various 
irreversible processes in H2/CO/air flames. The mass fraction of CO varies from 0 
to 20% and the mixture flow velocity varies from 1 m/s to 3 m/s. As a comparison, 
the volumetric entropy generation rate distribution of the mixtures with pure 
hydrogen is calculated. The findings of the present study could further facilitate 
the optimization of the combustion process of H2/CO/air mixture in micro-scale 
channels from the perspective of the second law of thermodynamics. 
From Chapter 3 we realize that the micro-combustor with baffles is higher 
in combustor wall temperature, temperature distribution uniformity and 
combustor efficiency than conventional micro-combustor. This chapter also 
presents the second law performance of the micro-combustors with baffles with 
different baffles heights, H2/air mass flow rates and equivalence ratio values.  
The calculation method of the entropy generation rate is described in 
section 4.2. The results and discussion for the entropy generation rate in the 
H2/CO/air blended fuel is presented in section 4.3.1-4.3.5 and the entropy 
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generation rates distribution in the micro-combustor with baffles are presented in 
section 4.3.6 and 4.3.7. 
4.2 Numerical approach 
4.2.1 Computational domain 
The 2-D schematic of the micro cylindrical channel with the boundary 
conditions is shown in Figure 4.1. It consists of a fluid region with length L = 18 
mm and diameter inD  = 3mm and two solid regions with the wall thickness w = 
0.5 mm. Both fully developed and uniform velocity profiles are compared. No 
significant difference is observed in terms of gas temperature between the two 
velocity profiles (less than 3 K). However, the fully developed velocity profile is 
found to affect the position where the flame is anchored [92]. In this study, a 
uniform velocity profile inU is imposed. The H2/CO/air mixture enters the inlet at 
inU  and constant inlet temperature inT = 300 K. The outlet of the channel is kept at 
atmospheric pressure. Along the inner channel walls, no-slip boundary condition 
[116] is applied. The calculation of solid-fluid interaction is achieved by Coupled 
method. In which the temperature on the solid wall is calculated based on the 
solution from adjacent cells. On the outer walls of the channel, the heat loss via 
convection and radiation are defined by Newton’s law of cooling and Stefan 
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Boltzmann’s law [117] as shown in Eq. (2.5). According to [93, 94], the 
convective heat transfer coefficient is 10 )/( 2KmW  and the emissivity of the walls 
is 0.7-0.8. 
 
Figure 4.1 Schematic of the micro channel 
The 2D schematic of the combustor with baffles could be found in Figure 
3.1a. In which the dimensionless height   and dimensionless distance   values 
are varied to obtain the combustor structure with optimal Second-Law 
performance. 
The mesh independence studies for the micro combustion of the H2/CO/air 
blended fuel and in combustor with baffles could be found from Figure 2.2 and 
Figure 3.3.  
4.2.2 Entropy transport equation 
The derivation of volumetric entropy generation is reviewed here which 
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The mass, moment and energy of the individual molecules need to pursue the 
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Du                                          (4.6) 
Eqs. (4.3-4.6) symbolize the change of gas element with velocity v  in 
terms of time. In Eq. (4.3), the change in number density of species m is 
composed of the change caused by the fluid dilation, diffusion and the ith 
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component generation. Referring to Eq. (4.4), the expansion of fluid results in the 
change of density. In Eq. (4.5), the velocity changes are mainly due to the 
gradient of the pressure tensor. With respect to Eq. (4.6), the internal energy 
change is attributed to the work done by pressure change, energy flux, and the 
diffusion of molecules. The radiation energy flux is ignored which is due to the 
excluded gas radiation. The Eqs. (4.3-4.6) can be substituted into Eq. (4.2). After 
integration, Eq. (4.2) could be divided into the entropy flow   and entropy 





































q                      (4.8) 
The volumetric entropy generation rate induced by various effects can be 
expressed as follows. Due to the small magnitude, the entropy generation induced 
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The calculations on the entropy generation is performed by calculating the 
gas properties in the steady state, with the help of MathWorks Matlab [120]. 
The exergy destruction is caused by the total entropy generation 
0| TSE totalgenndestructio                                               (4.13) 
The available energy is the summation of the effectively utilized energy, 
destroyed energy and lost energy. The lost energy in combustion process refers 
to the energy brought away by the exhaust gas. The exergy efficiency is defined 
as the effectively utilized energy over the total available energy. It can also be 
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4.3 Results and Discussion 
4.3.1 Entropy generation induced by chemical reaction in H2/CO/air flame 
The validation of the numerical model has been described in Section 2.3.1. 
Eq. (4.9) expresses the entropy generation induced by chemical reaction. The 
105 
 
minus can be eliminated by the chemical potential term m , which is also minus. 
As a result, the entropy generation induced by chemical reaction is proportional 
to the species chemical reaction rate, mr . Among the 38 chemical reactions, the 
most-contributing ones are identified based on the threshold value approach 
developed by Kooshkbaghi et al. [121]. In this approach, the elementary reactions 
with the ratios of their contribution to the total entropy generation higher than a 
user-defined threshold value would be selected as the most-contributing reactions. 
In the present study, 0.02 is set as the threshold value for identifying the most-
contributing reactions. Figure 4.2 (a-d) depicts the contributing rates of the 
identified most-contributing reactions with the CO mass fractions of 0, 10%, 15% 
and 20%. The analysis reveals that the contribution rate of the reaction 
CO+OH=CO2+H increases with the CO mass fraction. However, the contribution 
rate of the reaction OH+H2=H+H2O shows an opposite trend, which is due to the 




Figure 4.2 Contribution rates of the most-contributing reactions with the CO 
mass fraction of 0 (a), 10% (b), 15% (c) and 20% (d) 
The volumetric entropy generation rate distributions are illustrated in 
Figure 4.3 (a-d). The contours with red color show the peak value and blue color 
show the smallest value. The volumetric entropy generation rate in the contours 
are calculated based on equations from 4.9-4.11. It is found that the region with a 
high volumetric entropy generation rate value moves downstream with the 
increase of the CO mass fraction. This may due to the fact that the oxidation of 
dry CO is a very slow process, the overall reactivity is greatly accelerated in the 
presence of trace amount of H2 [122]. With the increase of CO mass fraction, the 
H2 mass fraction is decreased, which leads to the occurrence of the combustion 
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away from the inlet. Hence, the high volumetric entropy generation rate region 
moved downstream. Besides, the region with the red color fades indicating the 
peak volumetric entropy generation rate decreases with the increase of the CO 
mass fraction. However, the total area with visible entropy generation increases. 
This is attributed to the lower chemical reaction rate of the reactions involving 
CO. The scenarios showing the volumetric entropy generation rate distribution 
with 2 m/s and 3 m/s flow velocities are presented in Figure 4.4 and Figure 4.5. 
As can be observed from the figures, the regions with high volumetric entropy 
generation rates are blown towards the outlet of the channel with the high flow 
velocities. The peak volumetric entropy generation rate values increase from 
7101  to 7105.2   )/( 3KmW . This is because more fuel is brought into the channel 
with the increased flow velocity, which leads to more released heat and flame 
temperature. The increased flame temperature can accelerate the chemical 
reaction rate [123], hence, increasing the peak volumetric entropy generation rate 
induced by chemical reaction. In Figure 4.5 (d), the region with high volumetric 
entropy generation rate is almost out of the micro-channel. This phenomenon 
implies that the chemical reaction takes place nearer the outlet, and an amount of 
heat would be taken away by the exhaust gas. The entropy generation rate is the 
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integration of volumetric entropy generation rate in the whole volume. As shown 
in Figure 4.6, the entropy generation rate induced by chemical reaction decreases 
with the increases of CO mass fraction. The flow velocity has an obvious effect of 
increasing the entropy generation rate. 
 
Figure 4.3 Volumetric entropy generation due to chemical reaction, (a) CO mass 
fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) CO 




Figure 4.4 Volumetric entropy generation induced by chemical reaction (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 




Figure 4.5 Volumetric entropy generation induced by chemical reaction (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 
CO mass fraction =20%, inU =3 m/s 
 
Figure 4.6 Entropy generation rates due to chemical reaction (CO mass fraction 
varies from 0 to 20% and flow velocity varies from 1 to 3 m/s) 
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4.3.3 Entropy generation induced by thermal conduction in H2/CO/air flame 
The volumetric entropy generation rate induced by thermal conduction 
depends on the thermal conductivity of the gas and the gas phase temperature 
gradient. Figure 4.7 (a-d) depicts the thermal conduction caused volumetric 
entropy generation rate distributions in the micro-channel varying with the CO 
mass fractions when the flow velocity is 1 m/s. It is found that the region with 
high volumetric entropy generation rate values stays at the location where the 
combustion takes place and the location where the gas phase is close to the 
channel due to the large temperature gradient. Matched to the trend of chemical 
reaction induced volumetric entropy generation rate distributions, the region with 
red color which implies peak values moves downstream with the increase of CO 
mass fraction. When the CO mass fraction increases to 20%, a V-shaped flame 
without tip opening is formed as shown in Figure 4.7 (d) [114]. The formation of 
the V-shaped flame increases the volumetric entropy generation rate induced by 
thermal conduction by increasing the interface area of the unburned gas with a 
relatively low temperature and the reacting gas with a high temperature, which 
indicates a large temperature gradient. The flow velocity also has the effect of 
increasing the interface area as can be observed clearly in Figure 4.8 (a-d) and 
112 
 
Figure 4.9 (a-d). The peak volumetric entropy generation rate value increases 
from 6105  to 6107.8   )/( 3KmW . This is due to the higher flame temperature 
which is caused by the increased flow velocities. Figure 4.10 shows the 
integration of volumetric entropy generation rate in the volume. It is found that 
the increase of the CO mass fraction would dramatically increase the entropy 
generation rates. This trend is opposite to the effect of CO mass fraction on 
chemical reaction induced entropy generation rates as shown in Figure 4.6. 
However, in comparison with the entropy generation rates induced by chemical 





Figure 4.7 Volumetric entropy generation induced by thermal conduction (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 




Figure 4.8 Volumetric entropy generation induced by thermal conduction (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 




Figure 4.9 Volumetric entropy generation induced by thermal conduction (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 
CO mass fraction =20%, inU =3 m/s 
 
Figure 4.10 Entropy generation rates induced by thermal conduction (CO mass 
fraction varies from 0 to 20% and flow velocity varies from 1 to 3 m/s) 
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4.3.4 Entropy generation induced by mass diffusion in H2/CO/air flame 
 The distributions of volumetric entropy generation rate caused by mass 
diffusion are illustrated in Figure 4.11 (a-d) varying with CO mass fractions. The 
mass diffusion induced entropy generation highly depends on the mass fraction 
gradient and mole fraction gradient. Once the chemical reaction occurs, the 
species concentration would change intensively and result in the species mass 
fraction and mole fraction gradient. As can be observed from Figure 4.11, the 
region with high volumetric entropy generation rate distributes at the location 
where the chemical reaction occurs. The area of the region with red color 
indicating the peak volumetric entropy generation rate decreases with the increase 
of the CO mass fraction. However, the total area of the region with tangible 
entropy generation increases. As shown in Figure 4.12 and 4.13, with the increase 
of flow velocity from 1 to 3 m/s, the magnitudes of volumetric entropy generation 
rate are found to be increased. This is due to the larger mass and mole fraction 
gradients induced by the more fuel flew into the micro-channel and faster flow 
speed. A decreasing trend for the total entropy generation can be observed in 
Figure 4.14 with the increases of CO mass fraction. This is because that the rates 
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of the reactions involved CO are slower than the reactions involved H2, which 
results in relatively lower mass and mole fraction gradients. 
 
Figure 4.11 Volumetric entropy generation induced by mass diffusion (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 




Figure 4.12 Volumetric entropy generation induced by mass diffusion (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 




Figure 4.13 Volumetric entropy generation induced by mass diffusion (a) CO 
mass fraction =0, (b) CO mass fraction = 10%, (c) CO mass fraction =15% and (d) 
CO mass fraction =20%, inU =3 m/s 
 
Figure 4.14 Entropy generation rates induced by mass diffusion (CO mass 
fraction varies from 0 to 20% and flow velocity varies from 1 to 3 m/s) 
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4.3.5 Total entropy generation rate and exergy efficiency 
 Figure 4.15 (a) depicts the total entropy generation rates induced by the 
three effects. It is shown from previous sections that the effects of chemical 
reaction and mass diffusion have a decreasing trend with the increases of CO 
mass fraction, while the effect of thermal conduction has an increasing trend. 
However, due to the dominating effect of chemical reaction, the total entropy 
generation rate decreases with the increase of CO mass fraction. According to Eq. 
(4.14), the decrease of the exergy efficiency is caused by the exergy loss and 
exergy destruction. A high flow velocity will increase the entropy generation and 
exergy destruction as mentioned above. At the same time, it also leads to large 
exergy loss by blowing the gas with high temperature out of the micro-channel. 
As a result, the high flow velocity will decrease the exergy efficiency 
significantly. There is an optimal point for the effect of CO mass fraction on the 
exergy efficiency. At the flow velocity of 1 m/s, the exergy efficiency increases 
when CO mass fraction increases from 0 to 15%, but decreases when the CO 
mass fraction further increases to 20%. This is due to the fact that the increase of 
CO mass fraction would reduce the exergy destruction and increase the exergy 
efficiency. However, the increase of CO mass fraction will cause the flame move 
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towards the exit of the channel simultaneously, which would increase the exergy 
loss. When the flow velocity is 3 m/s, the exergy efficiency decreases with the 
increase of CO addition.  
 
Figure 4.15 Total entropy generation rates and exergy efficiency (CO mass 
fraction varies from 0 to 20% and flow velocity varies from 1 to 3 m/s) 




The effects of H2/air mixture inlet flow velocity are studied in the planar 
combustor with baffles have been discussed in Chapter 3. The flow velocity 
increases from 3-6 m/s for each inlet. The micro-combustor with λ value of 0.9 is 
used due to its highest exergy efficiency. The numerical study is performed when 
the equivalence ratio equals 1.0. Figure 4.16 depicts the volumetric entropy 
generation rates induced by chemical reaction for the flow velocity of 3 and 6 m/s. 
From Figure 4.16, it is obvious that the high entropy generation rate regions are 
concentrating at the inlet channels when the flow velocity is 3 m/s for each inlet. 
However, the relatively high entropy generation rate region is found to be blown 
downwards and distributed among the whole inlet channels when the flow 
velocity is increased to 6 m/s. This is because the flame is blown downwards by 
the high flow velocity which moves the high entropy generation region towards 
the top end of the micro-combustor. Besides, a high flow velocity would bring in 
more fuel and increase the flame temperature. The high flame temperature has the 
effect of accelerating the chemical reaction which implies a high entropy 
generation rate. The peak entropy generation rate value is )/(1078.7 36 KmW  for 
the flow velocity of 3 m/s for each inlet. However, this value is as high as 
)/(1005.9 36 KmW  when the flow velocity is increased to 6 m/s. From Figure 4.17, 
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it is obvious that the entropy generation induced by thermal conduction is mainly 
concentrating on the inlet part and the top of the micro-combustors. This is 
attributed to the large temperature gradients at these regions. The peak entropy 
generation rate values are )/(1088.2 35 KmW  and )/(1044.8 35 KmW  when the flow 
velocities are 3 and 6 m/s for each inlet, which are much lower than that caused 
by chemical reaction. When the flow velocity is increased, the high entropy 
generation region is found to be extended, implying that the flame front region is 
elongated by the increased flow velocity [124]. Figure 4.18 presents the entropy 
generation rate distribution induced by mass diffusion. The region with high 
entropy generation rate can be found at the inlet part of the micro-combustor 
where the species concentration changes intensively. The peak entropy generation 
rate values are )/(1046.8 34 KmW  and )/(1082.2 35 KmW  for the flow velocity of 3 
and 6 m/s for each inlet, respectively. Increasing trends of entropy generation 
rates induced by the three effects can be observed in Figure 4.19 (a). It is obvious 
that the effect of chemical reaction generates the maximum entropy. The exergy 
efficiency decreases significantly with the increase of H2/air flow velocity as can 
be observed in Figure 4.19 (b). This is due to the large destruction of exergy 




Figure 4.16 Volumetric entropy generation rate distribution caused by chemical 
reaction at different mass flow rates. (Equivalence ratio=1.0, W/m3K) 
 
Figure 4.17 Volumetric entropy generation rate distribution caused by thermal 




Figure 4.18 Volumetric entropy generation rate distribution caused by mass 
diffusion at different mass flow rates. (Equivalence ratio=1.0, W/m3K) 
 
Figure 4.19 Entropy generation rates and exergy efficiency with mass flow rates 
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4.3.7 Effects of equivalence ratio 
The effects of equivalence ratio on entropy generation are presented. The 
equivalence ratio value increases from 0.8 to 1.2, corresponding to the lean and 
rich H2/air mixture. The H2/air mass flow rate is set to be 3 m/s for each inlet and 
the combustor with λ value of 0.9 is used. Only the entropy generation rate 
induced by chemical reaction which dominates the total entropy generation rate is 
plotted. Figure 4.20 shows the entropy generation rate distribution induced by 
chemical reaction when the equivalence ratios are 0.8 and 1.2, respectively. In the 
lean mixture, the high entropy generation rate region stabilizes at 1.5 mm away 
from the inlet part. However, the high entropy generation rate region of rich 
mixture is located at the inlet part. Besides, the peak entropy generation rate value 
in the lean and rich mixture are )/(1060.6 36 KmW  and )/(1050.7 36 KmW  , which 
are smaller than the entropy generation rate in the stoichiometric flame. The 
results imply that the stoichiometric flame is the most inefficient in terms of 
Second Law of Thermodynamics, which agree well with the results in reference 
[125]. Figure 4.21 (a) shows the entropy generation rates caused by the three 
effects varying with different equivalence ratio values. The entropy generation 
rate increases with the equivalence ratio value from 0.8 to 1.0, then decreases 
127 
 
from 1.0 to 1.2. The corresponding exergy efficiency values decrease first when 
the mixture changes from fuel lean condition to stoichiometric condition, then 
increase when the mixture changes to the fuel rich condition. 
 
Figure 4.20 Volumetric entropy generation rate distribution caused by chemical 
reaction at different equivalence ratios. (Mass flow rate=50 g/h for each inlet, 
W/m3K) 
 




4.4 Conclusion of this chapter 
Entropy generation rates in fuel lean premixed H2/CO/air flames in micro-
channel were analyzed numerically. The results from the different mixtures with 
1-3 m/s flow velocities and 0-20% CO mass fraction were compared.  
 The five most-contributing reactions were identified based on a threshold 
value. The contribution of the reaction CO+OH=CO2+H increased with the CO 
mass fraction, but the contribution of the reaction OH+H2=H+H2O decreased. 
The entropy generation rate induced by chemical reaction were found to be 
increased with flow velocity, but decreased with CO mass fraction. The effect of 
thermal conduction was found to be increased with CO mass fraction. The 
increased flow velocity had the effect of increasing the thermal conduction 
caused entropy generation rates. The distributions of the volumetric entropy 
generation rate induced by mass diffusion were found to be located at the place 
where the chemical reaction occurred. The value decreased with CO mass 
fraction, but increased with flow velocity. Among the three effects on entropy 
generation rates, chemical reaction was the dominant effect, followed by the 
effects of thermal conduction and mass diffusion. The total entropy generation 
rates decreased with the increase of CO mass fraction. A high flow velocity 
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would both increase the exergy destruction and exergy loss, which would 
decrease the exergy efficiency significantly. 
In the micro-combustors with baffles, the higher baffles would lead to 
more entropy generation and destruction of available energy. However, among the 
four baffles height levels, the highest exergy efficiency is obtained when λ value 
equals 0.9. With the increases of H2/air flow velocity, the high entropy generation 
region is found to be blown towards the top end of the combustor. Meanwhile, a 
higher H2/air flow velocity will generate more entropy and result in more 
available energy destruction. As a result, the exergy efficiency decreases 
significantly with the increase of H2/air mass flow rate. The lean and rich H2/air 
mixture generates less entropy in comparison with stoichiometric mixture and 









Chapter 5: The Development of Wideband and Angle 
Insensitive Filter 
5.1 Introduction 
As the major limitation in the micro-TPV system is the mismatch between 
the radiation spectrums with the bandgap of the PV cell, a high efficient filter is 
needed for improving the system performance. The reported filters face the 
shortcomings of material reservation shortage in the world, inefficient spectral 
control at long wavelength range and angle independency. Extraordinary optical 
transmission (EOT) [126] phenomenon has been observed in the coaxial ring 
array metamaterial structure [127], which is mainly due to the cylindrical surface 
plasmon (CSP) and planar surface plasmon (PSP) resonances[128-130]. Besides, 
the optical response of the coaxial ring array is also insensitive to the incidence 
angle [131]. Hence, these two features make the coaxial ring array a perfect 
candidate for high-efficiency spectral control in the optical wavelength range. 
Here, we demonstrate the suitability of the similar extraordinary transmission 
phenomenon and other superior features of the coaxial ring array structure in the 
infrared region and its further application in the micro-TPV system. In addition, 
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the energy transfer process of the micro-TPV system with the coaxial ring array 
filter applied is also predicted in detail. 
5.2 Numerical and experimental approach 
The spectral radiance profiles for blackbody and the reactor at the 
temperature of 1500 K are shown in Figure 5.1. The reactor spectral radiance is 
calculated by the blackbody spectral radiance multiplied by the spectral emissivity 
of the reactor material, such as SiC [132]. For a GaSb PV cell which has the cut-
off wavelength of 1720 nm, the spectral radiance with the wavelength lower than 
1720 nm is capable of generating power through the PV cell, while the spectral 
radiance with the wavelength higher than 1720 nm is useless. In this case, an ideal 
filter should have the features as shown in the green line in Figure 5.1, which 
transmits the photons with the wavelength shorter than 1720 nm totally, but 
reflects the photons with the wavelength greater than 1720 nm. Figure 5.2 (a) 
illustrates the schematic of a high-efficiency micro-TPV system with the 
metamaterial filter which is deposited on the top of the PV cell. The micro-reactor 
is fueled by hydrogen/hydrocarbon and its wall temperature varies from 1000-
1500 K [20, 24]. When the combustion occurs, the photons from the reactor wall 
pass through the metamaterial filter towards the PV cells, with electron-hole pairs 
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produced for power generation. Various low bandgap PV cells, such as GaSb 
(0.72 eV) [78, 133], InGaAsSb (0.5-0.55 eV) [134, 135], could be used in the 
micro-TPV system. The attached heat sink is utilized to bring down the 
temperature of the PV cells [78]. In the real applications, the metamaterial filter 
and PV cells as well as the heat sink can be installed on double sides of the micro-
reactor to ensure more power generation. Figures 5.2 (b) and (c) shows the 
detailed coaxial ring structure. The gold pattern is deposited on amorphous quartz 
substrate, where its thickness is t, the inner radius is r1, the outer radius of the ring 
is r2, and the period of a unit cell is p.  
 
Figure 5.1 Black body (black line) and reactor (yellow line) spectral radiance, as 




Figure 5.2 (a) schematic of the micro-TPV system with the metamaterial filter. (b) 
isometric and (c) top view of one unit cell of the coaxial ring structure, with metal 
thickness t, inner radius r1, outer radius r2 and period p 
The metamaterial filter is realized both in experiments and numerical 
simulation. At the beginning, a layer of diluted PMMA is deposited on the top of 
a quartz substrate. The coaxial ring array is fabricated with E-beam lithography. A 
total area of 50×50 μm2 is fabricated, followed by the deposition of gold. The 
sample is finally obtained by removing the photoresist through a lift-off process. 
The transmission and reflection is characterized by a UV-Vis-NIR 
microspectrometer (CRAIC QDI 2010). The coaxial ring structure is modeled by 
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FDTD simulation [136]. A plane wave source is employed with different 
incidence angles. The wave shines on the metamaterial structure which is 
composed of a gold ring and the silicon dioxide substrate. Periodic boundaries are 
applied to the ring and the substrates for both x and y directions. Two power 
monitors are set to be 300 nm above and below the gold and silicon dioxide layer 
for collecting the power of the transmitted light and reflected light. 
5.3 Results and Discussion 
5.3.1 Tunable filter 
In order to meet the demands of the micro-TPV systems with different 
bandgaps of PV cells, the passband of the metamaterial filter should be tunable. 
The arrays of coaxial rings are found to have such feature in optical wavelength 
range [137] both in numerical simulation and experiment. The shift of the 
extraordinary transmittance peak is based on the period variation as predicted by 
Eq. (5.1) [127], in which λ is the wavelength, xp  and yp  are the periods of the 
coaxial ring along x and y direction, i and j are integers, m  and d  are the 
permittivity of metal and dielectric, respectively. It may be observed that the 
















                                                (5.1) 
Figure 5.3 illustrates the transmittance and reflectance of the metamaterial 
filter with the period of 600 and 900 nm, respectively. The SEM images of the 
two structures with 600 and 900 nm periods are shown in the inset of Figure 5.3 
(a). A good agreement is achieved between the numerical and experimental 
results, and the peak transmittance value and the subsequent decay are 
successfully predicted. It is found that a high transmittance is achieved in the 
wavelength range of 1100-2000 nm for p=600 nm, while 1250-2750 nm for 
p=900 nm. The larger resonance wavelength in comparison with the period 
implies that the extraordinary transmission phenomenon also exists in the infrared 
range. The low transmittance of the wavelength lower than 1000 nm will not 
significantly affect the system efficiency. This is due to the fact that there is only 
a small amount of energy located in this wavelength range, as shown in Figure 5.2. 
A significant feature in Figure 5.3 is that the prominent peaks of both 
transmittance and reflectance are red-shifted as the period increases from 600 to 
900 nm. It should be noted that the cut-off wavelength of the filter with p= 600 
nm is 2400 nm, which can match the cut-off wavelength of the InGaAsSb PV 
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cells (2345 nm) very well. For the PV cells such as InAsSbP [138] with even 
lower energy bandgaps of 0.45-0.48 eV, the metamaterial filter with larger 
periods could be employed.  
 
 
Figure 5.3 Transmittance (a) and reflectance (b) of coaxial ring array with period 
of 600 nm (t= 50 nm, r1= 100 nm, r2= 220 nm) and 900 nm (t= 50 nm, r1= 140 nm, 
r2= 360 nm). Inset of (a) are the SEM images of the designs with 600 nm (top) 
and 900 nm (bottom) periods 
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Furthermore, it is also found that the transmission peak could be red-
shifted by decreasing the ring size in the optical wavelength range [129, 137]. 
This phenomenon could also be observed in the infrared wavelength range. Figure 
5.4 shows two designs which have the identical metal thickness t, outer diameter 
of the ring r2 and period p, but different inner diameter of the ring r1. It is found 
that the design with a larger r1 value indicating a lower gap size has a red-shifted 
transmittance profile in comparison with the design with a lower r1 value. This 
might be attributed to the enhancements at long wavelengths to TE1 guided modes 
of individual coaxial rings [139].  
 
Figure 5.4 Measured transmittance and reflectance of coaxial ring arrays with r1 
of 140 nm (t= 50 nm, r2= 360 nm, p= 900 nm) and 160 nm (t=50 nm, r2=360 nm, 
p=900nm), respectively 
5.3.2 Wideband and angle-insensitive filter 
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To meet the demand of the micro-TPV system, the metamaterial filter 
should also possess a wideband, i.e., maintain a high transmittance in a relatively 
long wavelength range. This property could be achieved by adjusting the 
thickness of the array of coaxial rings. Refer to [127, 128], two CSP induced 
transmittance peaks exist in the working wavelength range. The position of the 
red peak (at longer wavelength) is independent of the thickness of the array of 
coaxial rings. However, with the increase of thickness, the position of the blue 
peak (at lower wavelength) moves towards the far-infrared direction. When the 
two peaks merge, the wideband transmittance with high intensity would be 
achieved. This is favorable for the application in the micro-TPV system. Figure 
5.5 (a) and (b) depict the transmittance and reflectance of the coaxial ring array 
with the metal thickness t  of 250, 300, 350 and 400 nm, respectively. It is 
obvious that the left transmittance peak red-shifts with the increase of the metal 
thickness. Besides, the value of the left peak increases simultaneously. Expectedly, 
the red peaks show weak dependence on the metal thickness. However, Their 





Figure 5.5 Predicted transmittance (a) and reflectance (b) of the samples with 
different metal thicknesses t=250, 300, 350 and 400 nm, respectively  
As the reactor wall is a diffuse surface, it emits photons towards the 
hemisphere. In this case, the incidence angle dependence becomes a key 
parameter to evaluate the performance of the metamaterial filter. Both numerical 
and experimental studies were performed to identify the incidence angle 
dependence of the coaxial ring array. Figure 5.6 shows the average transmittance 
at FWHM (full width at half maximum). It is found that the predicted 
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transmittance only decreases slightly with the increase of incidence angle. 
Compared to experimental results, the measured transmittance has a reasonable 
agreement with the predicted value. It is difficult to obtain the reflectance with 
different incidence angle experimentally. This is due to the difficulty in collecting 
the reflected photons by the detector as the detector area is small and the distance 
between the sample and detector is large. However, in the real micro-TPV 
application, the reactor wall can play the role as a detector. Therefore, due to the 
relatively larger area of the reactor and shorter reactor-filter distance, this 
phenomenon would have little effect on the performance of the micro-TPV 
system.  
 
Figure 5.6 Measured and predicted average transmittance at FWHM varying with 
different incidence angles. (t=50 nm, r1=80 nm, r2=220 nm, p=600 nm) 
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5.3.3 Micro-TPV system with metamaterial filter 
The effect of the metamaterial filter on the performance of the micro-TPV 
system is predicted. Figure 5.7 depicts the energy conversion process of the 
system. When the combustion occurs in the micro-reactor, the reactor wall starts 
emitting photons towards the hemisphere. The photons with the radiation energy 
within the passband of the metamaterial filter pass through while those out of the 
passband are reflected. The photons pass through the filter are used for power 
generation while the reflected photons are useful for improving the temperature of 
the micro-reactor. However, a small amount of energy may be absorbed by the 
filter and emitted to environment, resulting in an energy loss. Therefore, the 
system efficiency is finally determined by the efficiencies of the reactor, filter and 
PV cell as shown in Eq. (5.2) [140]. In order to study the energy transfer at each 
component, Eq. (5.2) could be written in the form of Eq. (5.3). In which emissionE  is 
the radiation energy from the reactor wall, inputE  is the chemical energy from 
hydrogen, passE  is the radiation energy passed through the filter and generationP  is 




Figure 5.7 Energy conversion process of micro-TPV system with the 
metamaterial filter 














                                    (5.3) 
In order to predict the performance of the metamaterial filter in the Micro-
TPV system, Ansys Fluent is employed to investigate the energy transfer 
processes between the micro-reactor and the filter. A 3D model is established for 
the micro-reactor, filter and the air between them. The dimension of the reacting 
fluid is 10 mm (length), 1 mm (width) and 18 mm (height), while the reactor wall 
has a thickness of 0.5 mm. The filter with the dimension of 10 mm × 18 mm is 
parallel to the front surface of the reactor wall. The H2/air premixed flame is 
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employed as the reacting fluid and modeled by a detailed chemical reaction 
mechanism with 9 species and 19 steps [97, 98]. The discrete ordinates (DO) 
model is utilized to study the radiative heat transfer between the reactor wall and 
the filter. The air flow between the reactor wall and the filter is set to be natural 
convection. The transmittance and reflectance of the filter are obtained from the 
predicted results as shown in Figure 5.3 (p= 600 nm) by taking incidence angle 
(0-50°) into account. The H2/air inlet flow velocity varies from 3-5 m/s, while the 
distance between the front reactor wall with the filter is set to be 1, 2 and 3 mm, 
respectively.  
Four cases are compared to evaluate the performance of the metamaterial 
filter. In case A, no metamaterial filter is installed on top of the PV cell and the 
reactor-PV distance is 1 mm, while the metamaterial filters are employed for 
cases B, C, and D, where the distances between the filter and the reactor wall for 
cases B, C, and D are 1, 2 and 3 mm, respectively. In order to ensure the four 
cases to be comparable, the input energies of hydrogen are the same. Figure 5.8 
illustrates the reactor wall temperature distributions for the cases A, B, C and D, 
respectively. As shown in Figure 5.8 (a), the highest reactor wall temperature is 
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obtained by case B, followed by case C, case D and case A. Compared with that 
of case A, the higher reactor wall temperatures of case B, C and D can be 
attributed to the reflected energy from the metamaterial filters. Compared with 
case B, the relatively lower reactor wall temperatures of case C and D are caused 
by the increased reactor-filter distance, which leads to a smaller view factor. 
With the increase of flow velocity to 4 and 5 m/s (see Figure 5.8 (b) and (c)), the 
reactor wall temperature is found to be even higher. This is because more 
hydrogen is brought in and more chemical energy is released. 
 
Figure 5.8 Reactor wall temperature distributions at (a) 3 m/s, (b) 4 m/s and (c) 5 
m/s. (Case A, without filter; Cases B- D with filter and their reactor-filter 
distances are 1, 2 and 3 mm, respectively) 
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The predicted system efficiencies for the four cases are shown in Figure 
5.9 when the inlet flow velocity varies from 3-7 m/s. As shown in Eq. (5.2), the 
micro-TPV system efficiency is determined by the efficiencies of the reactor, 
filter and PV cells. In this paper, GaSb PV cell is employed for calculation and 
the efficiency is adopted from the study by Yang et al. [10].  As observed in 
Figure 5.9, the system efficiency of case A increases when the flow velocity 
increases from 3-5 m/s but decreases when the flow velocity further increases 
from 5- 7 m/s. As there is no filter applied in this case, the system efficiency 
would only be determined by the efficiencies of the reactor and PV cells. The 
initial increase could be attributed to the increased reactor wall temperature which 
is caused by the more heat release. From the Wien’s displacement law, the 
spectral irradiance would blue-shift when the source temperature increases. By 
this mechanism, more energy could be converted into electricity, and the system 
efficiency for case A increases. However, the efficiency decrease when the inlet 
flow velocity increases from 5 m/s onwards could be due to the large amount of 
energy loss from the exhaust because of incomplete combustion. By employing 
filters for cases B, C and D, the filter efficiencies will be decreased. However, the 
employment of the filter increases the efficiencies of the reactor and PV cells 
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simultaneously. This is the reason why the system efficiency of case B is higher 
than that of case A. With the increase of reactor-filter distance, more energy loss 
is incurred by the reduced view factor. As a result, the system efficiency for cases 
C and D are lower than that of case B. The results imply that the performance of a 
filter is not only judged by the transmittance, but also by the reflectance. 
 
Figure 5.9 Predicted system efficiencies of micro-TPV system with different inlet 
flow velocities for the four cases. (Case A, without filter; Case B, with filter and 
reactor-filter distance 1 mm; Case C, with filter and reactor-filter distance 2 mm; 
Case D, with filter and reactor-filter distance 3 mm) Lines connecting the symbols 
are only for sake of visualization 
5.4 Conclusion of this chapter 
The primary objective of this chapter was to develop a metamaterial filter 
for micro-TPV application. The results showed that the normalized-to-area 
transmittance is more than unity, which implied that the extraordinary 
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transmission could be achieved in the near infrared wavelength range. To fulfill 
the demand of the micro-TPV system, the passband could be adjusted by 
changing the period of the coaxial ring structure and a slight change could also be 
made by changing the inner radius of the ring. These findings are of crucial 
importance for the micro-TPV system with different bandgap PV cells. A wide 
band pass filter was created when the metal thickness t is increased, which could 
be attributed to the merging of the two CSP induced transmittance peaks. Besides, 
the metamaterial filter showed angle-insensitive feature in its working wavelength 
range. By increasing the incidence angle from 0 to 30 degrees, the decrease of 
transmittance is generally very slight. In order to analyze the whole energy 
conversion process from chemical energy into power generation, the micro-TPV 
system efficiency was predicted by incorporating the micro-reactor and the PV 
cell. Compared with the original system, the system efficiency was found to be 
increased significantly after the metamaterial filter employed, which should be 
attributed to the improved performance of the reactor and PV cell. The developed 
wideband and angle-insensitive metamaterial filter exhibits many outstanding 




Chapter 6: Development of Frequency Selective 
Emitter/Absorber Based on Refractory Metamaterials 
6.1 Introduction 
As mentioned in Chapter 1, an emitter/absorber with high efficiency, 
robust performance at elevated temperature and superior selectivity in 
emissivity/absorptivity is desired. Strategies for controlling the 
emission/absorption band and reflection band are well elaborated [63, 141]. 
However, the tuning of the emissivity/absorptivity is still challenging because 
these properties are mostly dominated by the intrinsic optical properties of the 
constituent materials and the structure as well as the size of the unit cells [50, 51]. 
As a result, extensive investigations on frequency selective emitters/absorbers are 
conducted in the selection of the constituent material and the structure of the unit 
cells. Assorted structures are proposed including 1D photonic crystal (PhC) 
multilayer stacks [62, 142], 2D metallic PhC cavities [60, 64-67, 69, 143, 144],  
3D PhCs [50, 145-147] and metamaterials [59, 70, 77, 148-150]. Among these 
structures, 2D metallic PhC cavities are the most promising for their relatively 
higher efficiency and stability at elevated temperature [52]. Meanwhile, different 
constituent materials have been adopted such as Yb2O3, W, Ta, Pt, Au, Si/SiO2 
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and Mo/MgF2/TiO2. However, these materials are limited to the shortage of 
reserves [58, 60, 71, 73, 151], high temperature instability [62, 70] and reduced 
performance at elevated temperatures [60] . 
6.2 Numerical and experimental approach 
The numerical simulation on the propagation of electromagnetic wave is 
conducted with the help of a finite-difference time-domain (FDTD) software 
package Lumerical Solutions [136]. One unit cell of the encapsulated nanocavity 
structure is calculated with the periodic boundary conditions at x and y directions. 
A plane wave source is applied on the structure from +z towards –z direction with 
varied incidence angles. The transmission (T) and reflection (R) are measured by 
the frequency-domain field and power monitor below and above the unit cell. 
Absorption (A) is calculated based on Kirchhoff’s law A=1-T-R. The dielectric 
constants of TiN are from the supporting information of Ref. [56]. The optical 
properties of SiO2, Al2O3 and AlN are obtained from Refs. [152-154].  
The titanium nitride thin film is obtained from RF sputtering process in the 
pure Argon environment with a flow rate of 10 sccm. A 100 nm layer Chromium 
is deposited on top of the TiN thin film by evaporator and a layer of ZEP 520A 
photoresist is spin coated above the Chromium. EBL is utilized to create the 
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pattern on the photoresist. After developing process, wet etching is employed for 
developing the pattern on the Chromium which serves as a metal mask. A dry 
etching process is conducted to create the nanocavities. The SiO2 is deposited 
above the nanocavity structure by evaporator. Both the nanocavity and SiO2 
encapsulated nanocavity structures are heated up to 1000 ◦C for 8 hours in the 
chamber at pure nitrogen environment.  
KLA Tencor P-16 surface profiler is utilized to measure the thickness of 
each layer of the structure. Fourier transform infrared spectroscopy is employed to 
measure the transmission and reflection of the pure nanocavity and SiO2 
encapsulated nanocavity structures over a wavelength range of 2000-5000 nm at 
different incidence angles. 
6.3 Results and Discussion 
6.3.1 Dielectrics encapsulated TiN nanocavities 
Different from the filter as described in Chapter 5, the selective emitter is 
attached on the surface of the combustor wall where the temperature is between 
1000-1500 K. As a result, gold will not meet the needs for building selective 
emitters. Titanium nitride becomes attractive both for its refractory property and 
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plasmonic response in the visble-NIR wavelength range [51, 56, 155]. It has a 
melting point of as high as 2930 ◦C [156, 157] and its optical properties change 
slightly with the operating temperature [158]. Besides, titanium nitride possesses 
the excellent properties of chemical stability and mechanic persistence, etc. [56, 
159]. Titanium has a relatively higher world reserve comparing to other metals 
such as W and Ta [160-162]. Titanium nitride could be synthesized commonly via 
chemical vapor deposition [163]. These distinguished properties make titanium 
nitride one of the most encouraging candidates for tailoring the 
emission/absorption and reflection band in the visble-NIR wavelength range. 
Dielectrics filled or encapsulated nanocavities have been proven to prevent the 
structure deformation, promote the stable operation at elevated temperatures and 
improve the emission/absorption performance lower than the cut-off wavelength 
[64, 67, 68]. However, the study on the effects of dielectrics filled nanocavities in 
frequency selective emission/absorption is far from mature. Here we demonstrate 
a group of nanocavities encapsulated with different dielectrics for achieving 
frequency selective emission/absorption at different cut-off wavelengths. A near-
unity emissivity/absorptivity is achieved in the wavelength range below the cut-
off wavelength, while a suppressed emissivity/absorptivity is obtained beyond the 
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cut-off wavelength. The shift of the cut-off wavelength is realized by filling the 
nanocavities with different dielectrics. These features make the dielectrics 
encapsulated titanium nitride nanocavities promising in building selective emitters 
and absorbers for sTPV and TPV systems. 
The schematic of a unit cell of the frequency selective emitter/absorber is 
shown in Figure 6.1 (a) and (b). It is composed of a titanium nitride nanocavity 
and the filling dielectric. A thickness t=100 nm encapsulating layer made of 
dielectric is utilized for preventing the morphological change and the shift of the 
emissivity/absorptivity at high temperature annealing [77]. The unit cell is 
designed with the period (p) of 700 nm, height (h) of 1800 nm, cavity depth (d) of 
1000 nm and cavity radius (r) of 300 nm. The bottom of the unit cell is 800 nm 
which ensures zero transmission. The symmetric structure of the unit cell 
facilitates polarization independent emission and absorption at normal incidence. 
The filling dielectric and the encapsulating layer can be made of SiO2, Al2O3 and 
AlN etc. These materials are stable at high temperatures and with increasing 
refractive indexes of 1.44, 1.74 and 2.12 at 2000 nm [152-154]. The features of 
the increased refractive indexes could be employed for shaping the cut-off 
wavelength of the emitter/absorber. The detailed simulation, fabrication and the 
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characterization processes are explained in the experimental section. Figure 6.1 (c) 
illustrates the fabricated dielectrics filled titanium nitride nanocavities in which 
the achieved structure and size of the unit cell is very close to the designed 
condition. Accumulated TiN particles are found at the edge of the nanocavities 
which are mainly formed during the dry etching process. The predicted and 
measured emissivity/absorptivity of the pure nanocavities and SiO2 encapsulated 
nanocavities are presented in Figure 6.1 (d). The calculation of the emissivity is 
based on the Kirchhoff’s law which states that a material’s emissivity equals to its 
absorptivity during thermodynamic equilibrium. As the transmittance is zero in 
this study, emissivity/absorptivity equals to one minus the reflectivity. The 
predicted results reveal a reasonable agreement with the measured values. The 
high and flat emissivity/absorptivity at short wavelength range and the subsequent 
decay are well predicted. The deviation of the predicted and measured results is 
mainly due to the fabrication errors involved in the fabrication process. An 
unexpected absorptivity peak is observed in the measured absorptivity for the 
SiO2 filled nanocavities. This is caused by the uneven SiO2 encapsulating layer on 
the sample surface. The pure nanocavities show a very high 
emissivity/absorptivity at the visible-NIR wavelength range but suppressed values 
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after the cut-off wavelength which is 1300 nm. This structure could be applied for 
fabricating the broadband absorber for solar-TPV system because the solar energy 
is mainly distributed at the high absorptivity wavelength range for this device [58]. 
Besides, the suppressed emissivity at long wavelength range leads to a reduced 
radiation heat loss to the environment. The dielectrics encapsulated nanocavities 
display different cut-off wavelength (defined by half maximum) according to the 
variation of the encapsulating materials (simulation): 1850 nm for SiO2, 2350 nm 
for Al2O3 and 2800 nm for AlN. The variable cut-off wavelengths are 
encouraging for the PV cells with various bandgaps: 1720 nm for GaSb [164], 





Figure 6.1(a) schematic and (b) size of the dielectric encapsulated nanocavity, (c) 
SEM image of the fabricated pure nanocavity and (d) measured and predicted 
emissivity/absorptivity 
In order to investigate the mechanism of pure and encapsulated 
nanocavities for the frequency selective emission/absorption, a numerical 
simulation is performed by the finite difference time domain method (FDTD) at 
the wavelength range of 400-5000 nm. As shown in Figure 6.1 (d), both the pure 
and encapsulated nanocavities show a high emissivity/absorptivity over the whole 
range shorter than the cut-off wavelength, but suppressed values beyond that. This 
excellent performance could be attributed to three effects. In the wavelength 
below 500 nm, the TiN behaves as a lossy dielectric. This could be observed from 
the absorptivity of flat TiN as shown in Figure 6.1 (d). The result for flat TiN 
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agrees with the large imaginary part at high frequency obtained in Ref. [51]. 
Besides, the cavity structure couples to the higher resonance mode of the 
incidence radiation. The electric field distribution of the combined effect is shown 
in Figure 6.2 (a) at λ=5 μm. The electric field exists in the cavity is much stronger 
than that in the material, which implies the high order resonance is the dominant 
effect. In the wavelength range of 0.7-0.8 μm, the surface plasmon is found to be 
excited [166]. As shown in Figure 6.2 (b) at λ=0.8 μm, the electric field 
distribution is mainly located at the region close to the cavity inner wall. This 
suggests that the surface plasmon resonance is predominant in this wavelength 
range. In the wavelength which is beyond the surface plasmon resonance, the 
enhancement of absorption and emission is mainly caused by the cylindrical 
cavity resonance mode [167]. The cut-off wavelength of the cylindrical cavity 
could be adjusted by altering its depth, radius and period [60]. As a result, the 
photons with the wavelength greater than the cut-off would be prohibited from 
entering the cavity, while the photons with the wavelength shorter than the cut-off 
could be coupled into the cavity due to the enhanced interaction time. Hence, the 
wavelength selectivity could be achieved. This could be observed in Figure 6.2 (c) 
at λ=1.2 μm. The strong electric field distribution implies that the fundamental 
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resonance mode occurs at this wavelength. For the scenes at λ=1.7 μm, the pure 
nanocavity shows poor coupling on the incidence radiation as shown in Figure 6.2 
(d). The scenarios of the SiO2 encapsulated nanocavity are the same with the pure 
cavity at λ=0.5 and λ=0.8 μm condition. As a result, the electric field distributions 
for these two wavelengths are omitted. Different from the pure cavity condition, 
the electric field distribution of the first-order resonance mode in the SiO2 
encapsulated nanocavity appears at λ=1.7 μm, which is slightly shorter than the 
cut-off wavelength of λ=1.85 μm. At even longer wavelength of λ=2 μm, the 
coupling effect disappears as illustrated in Figure 6.2 (f). The expression of the 
free-space wavelength for the resonance cavity is shown in Eq. (6.1) [65, 168]. In 
which, mnp  is the resonance frequency ( m , n , p ), c  is the speed of light in the 
vacuum, n  is the refractive index of the dielectric in the cavity, 'mnx  is the n th 
root of Bessel function, R  is the radius and d  is the depth of the cavity. It could 
be identified that the resonance frequency is reverse proportional to the refractive 
index of the dielectric in the cavity, which implies that the corresponding 
wavelength is proportional to the refractive index. As a result, a SiO2 
encapsulated nanocavites reveal a longer cut-off wavelength comparing with the 
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pure cavities. It also explains the increased cut-off wavelength of the 














                                                   (6.1) 
 
Figure 6.2 Electric field distributions in the pure nanocavity (a-d) and SiO2 
encapsulated nanocavity structure (e) and (f) at varied wavelengths 
The lossy dielectric property of TiN, surface plasmon excitation and the 
cavity resonance mode contribute to the high emission and absorption in the 
desired wavelength range. In comparison with the pure cavity resonance mode, 
the three combined effects prompt a high and broadband emissivity/absorptivity. 
Besides, the cut-off wavelength could be adjusted easily through encapsulating 
159 
 
the nanocavities with different dielectrics. This feature is superior to the pure 
nanocavities in the fabrication process. This is because the encapsulating process 
is free of altering the size of the nanocavities. In the fabrication process, a deep 
nanocavity (8 microns) is needed for achieving the high emissivity/absorptivity at 
long cut-off wavelength [143] and this is limited to the fabrication technique and 
quality. 
6.3.2 Performance at elevated temperatures and varied incidence angles 
In order to meet the demands of high temperature stability in micro-TPV 
and solar-TPV systems, the TiN material, which is refractory, is selected for 
building the selective emitter/absorber. Besides, the dielectrics filled nanocavity 
structure is reported to be superior for preventing deformation in high temperature 
conditions. In this study, the fabricated dielectric filled selective emitter/absorber 
is annealed in 1073 K furnace for 2 hours in argon environment. Figure 6.3 (a) 
illustrates the emitter performance after annealing. It is found that the selectivity 
drops slightly. The performance reduction leads to a relatively lower 
emissivity/absorptivity at the wavelength below the bandgap of the PV cells but 
relatively larger emissivity/absorptivity at the wavelength greater than the 
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bandgap. The reduction in performance should be caused by the slight 
deformation of the nanostructure. In the micro-TPV and solar-TPV application, 
the energy source is either from a micro-combustor or from the sun. The beam 
direction from such energy sources are in all directions. As a result, the 
performance of the selective emitter/absorber at varied incidence angles is also 
important. We measured the absorptivity of the SiO2 filled nanocavity structure 
before the thermal annealing at varied incidence angles from 0-40 degree. A 
negligible decrease of the emissivity is observed from the whole wavelength 
range with the increase of the incidence angle. The features above prove that the 
dielectrics filled nanocavities are good candidates in building refractory and 
incidence angle-insensitive frequency selective emitter/absorber. 
 
Figure 6.3 Emitter/absorber performance (a) after annealing at 1073 K for 2 
hours and (b) at varied incidence angles 
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6.4 Conclusion of this chapter 
In summary, a refractory, high-selectivity and robust frequency selective 
emitter/absorber had been developed. The fabricated selective emitter which is 
based on pure nanocavity structure was demonstrated with high 
emissivity/absorptivity (average 0.9) at the wavelength range from 400-1200 nm, 
but suppressed values at the wavelength range from 1200-5000 nm. By 
encapsulating the nanocavities with the dielectrics, the cut-off wavelength could 
be adjusted. In comparison with the conventional cut-off wavelength tuning 
method (altering the size of the nanocavity), the encapsulating method was simple 
and reliable. Besides, the encapsulating layer also provides more protection to the 
nanostructure which needs to be operating at high temperature conditions. This 
TiN based nanostructure also showed its superior refractory property and 
incidence angle insensitive property. Finally, the developed TiN based dielectrics 
encapsulated nanocavity structure was favorable in serving as frequency selective 





Chapter 7: Performance of the Optimized Micro-
TPV System with Cylindrical Combustor Fueled by 
H2/CO/air, Planar Combustor with Baffles, Wideband 
Filter and Selective Emitter 
7.1 Introduction 
This chapter presents the performance of the optimized micro-TPV system 
which incorporates the developed components in the previous chapters i including: 
micro cylindrical combustor fueled by H2/CO/air blended fuel (Chapter 2), planar 
combustor with baffles (Chapter 3), wideband metamaterial filter (Chapter 5) and 
frequency selective emitter (Chapter 6).  
Due to the limitation of the large-scale fabrication of the frequency 
selective emitters (mainly due to the high cost of nano fabrication), the system 
performance is predicted instead of experimentally characterized.   
7.2 Numerical approach 
As both the micro cylindrical combustor and planar combustor are 
employed for system performance prediction, the layouts of the arrangements of 
the micro-TPV system with cylindrical and planar combustors are shown in 
Figure 7.1. As shown in Figure 7.1 (a), the micro cylindrical combustor is fixed at 
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the center, out of which is a layer of selective emitter. The micro cylindrical 
combustor as described in Chapter 2 is utilized which has the length of 18 mm, 
inner diameter of 18 mm and the wall thickness of 0.5 mm. The array of filters 
and PV cells are attached in hexagon structure. In this chapter, the GaSb is 
employed. The quantum efficiency of the PV cells is obtained from literature. In 
Figure 7.1 (b), the planar combustor with baffles characterized in Chapter 3 is 
employed. The readers are recommended to check the design and size in Section 
3.2.1. A selective emitter is attached on the outer surface of the planar combustor 
wall. The developed metamaterial filter is fixed between the emitter and PV cell. 
The distance between the selective emitter on the planar combustor to the surface 
of the metamaterial filter is fixed at 1mm. For the micro cylindrical combustor, 
the shortest distance between the selective emitter to the metamaterial filter is set 




Figure 7.1Schematic of the micro-TPV system with cylindrical combustor (a) and 
planar combustor (b) 
Now recall the system efficiency expression. The system efficiency is the 
product of the efficiencies of the three components as shown in Eq. (7.1): 
PVfiltercombustorTPV                                      (7.1) 
The combustor efficiency combustor  is expressed as the radiated power from 
the combustor wall to the input energy which equals to the mass flow rate of the 
fuel times its lower heating value. Lower heating value is adopted because the 














                                        (7.2) 
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The filter efficiency is determined by the power passed through the filter 






                                             (7.3) 
The efficiency of the PV cell is determined by the maximum power output 
divided by the power irradiates toward the PV cell. The maximum power output 







PV                                                 (7.4) 
scocelec IVP                                                  (7.5) 
In which FF is the fill factor of the PV cell. The open-circuit voltage and 
short-circuit current can be described by the formulae below: 
   dEQEIqFI scsc )()(                                    (7.6) 
In which q is the charge of electron, scF  is view factor, )(I  is the 








V scBoc                                        (7.7) 
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In which AIJ scsc   and here 0J  represents dark saturation current and is 
a constant.  
The assumptions are made to calculate the electrical power output and 
system efficiency: 1) The performance of the PV cell is temperature independent 
and 2) The combustor wall temperature is absolutely uniform and equals to the 
average wall temperature.  
7.3 Results and Discussion 
7.3.1 Effects of fuel mass flow rate 
The effects of inlet fuel mass flow rates have been investigated for the 
micro-TPV systems with both the micro cylindrical combustor and planar 
combustor with baffles. In this section, the pure hydrogen is employed as the fuel 
and air is adopted as oxidant. The performances of the metamaterial filter and 
frequency selective emitter are adopted from the experimental results obtained 
from Section 5.3.1 (p=600 nm) and Section 6.3.1 (SiO2 encapsulated 
nanocavities). The performance reduction of the filter and selective emitter at 
varied incidence angle and elevated temperature is taken into consideration. The 
GaSb PV cell is adopted in the system and the external quantum efficiency of the 
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GaSb PV cell is used for predicting the system performance. Figure 7.2 (a) and (b) 
illustrate the system efficiency and electrical power output of the micro-TPV 
system. In Figure 7.2 (a), the x axis is the inlet flow velocity of micro cylindrical 
combustor which has a diameter of 3 mm. The inlet area of the cylindrical 
combustor is different from the planar combustor. To be comparable, this flow 
velocity is converted for the planar combustor by the rule of equal mass flow rates: 
planarplanarlcylindricalcylindrica AUAU  . In figure 7.2 (a), it is found that all the efficiency 
values decrease with the increase of the flow velocity. This is attributed to the 
significant efficiency reduction of the micro combustor with the increase of flow 
velocity. Generally, the micro-TPV system which is composed of planar 
combustor with baffles possesses higher system efficiency values comparing with 
the system with micro cylindrical combustor. This is because in the planar 
combustor system, the PV cells are put perpendicular to the surface of the 
selective emitter. However, in the cylindrical combustor system, the arrangement 
of the PV cells increases the incidence angle of the radiation beam towards the PV 
cell. This reduces the performance of the PV cell significantly. In Figure 7.2 (b), 
the electrical power output is found to be increased with the increase of inlet flow 
velocity. Although the efficiency at high inlet flow velocity condition is low, the 
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high inlet flow velocity increases the total input energy much. As a result, the 
total electrical power output increases with the increase of inlet flow velocity. The 
highest electrical power is achieved when the inlet flow velocity is 8 m/s, the 
power is 6.776 W. With further increase the inlet flow velocity, the electrical 
power could be further increased. However, the system efficiency is decreasing 
simultaneously. The frequency selective filter and emitter show enhancement 
effects on the system efficiency and power output. Take the planar combustor at 
inlet flow velocity of 5 m/s for example: the system efficiency of the combustor 
without filter or emitter is 2.533%, 3.371% and 4.888%, respectively. It is found 
that by installing the frequency selective filter, the system efficiency could be 
improved by 33.1%. By installing the frequency selective filter and emitter, about 




Figure 7.2 (a) system efficiency and (b) power output of the micro-TPV system 
The highest system efficiency of the proposed micro-TPV system is 
compared with the systems reported by the literature. As shown in Table 7-1, the 
proposed platinum combustor with Si/SiO2 layer selective emitters yields a 
maximum predicted efficiency of 5.289%. In 2013, the researchers from the same 
group obtained measured efficiency of 1.15% and 2.5% with 2D photonic crystal 
and Si/SiO2 selective emitter, respectively. The predicted system efficiency of the 
present study with planar combustor with baffles, metamaterial filter and 
dielectrics encapsulated nanocavity selective emitters is slightly higher than those 
from literature. The system efficiency could be further improved by combining 
the technique of heat recuperation on the combustor and the frequency selective 
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emitter which avoids the band edge thermalization effect [75]. These 
investigations are proposed as the recommendation for future study. 
Table 7-1 System effciency comparison 
 System efficiency 
Predicted (*) or 
measured (◊) 
[62] 2010 5.289% * 
[143] 2013 5.17% and 1.15%  * ◊  
[4] 2013 2.5% ◊ 
Our system 6.59% * 
 
7.3.2 Effects of CO addition 
As described in Chapter 2, the H2/CO mixture supplies an alternative fuel 
type to the micro-TPV system due to their wide availability. Here we investigate 
the performance of micro-TPV system which is fueled by H2/CO/air blended fuel. 
Micro cylindrical combustor is employed for the investigation and 5 m/s is 
employed as the inlet flow velocity for obtaining a high electrical power output. 
However, a further increase in the inlet flow velocity will lead to the blowout 
phenomenon in the micro channel at high CO mass fraction condition. Similar to 
the trend obtained in Section 7.3.1, the system with both frequency selective filter 
and emitter shows the highest efficiency, followed by the system with only filter, 
the system without filter or emitter is the lowest efficient. When the CO mass 
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fraction increases from 0 to 15%, both the system efficiency and the total 
electrical power output decreased. When the CO mass fraction increases from 15% 
to 20%, the system efficiency and electrical power output drop suddenly. This 
could be caused by the significant combustor efficiency decrease as described in 
Section 2.3.2. 
 
Figure 7.3 Effects of CO mass fraction on cylindrical combustor efficiency and 
power output 
7.4 Conclusion of this chapter 
Incorporating the developed components including cylindrical combustor 
fueled by H2/CO, planar combustor with baffles, frequency selective filter and 
emitter in the previous chapters, this chapter predicted the system efficiency and 
electrical power output. Generally, the developed filter (Chapter 5) and emitter 
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(Chapter 6) enhances the system efficiency and power output significantly. 
Besides, the system with planar combustor with baffles shows a higher 
performance comparing to the system with cylindrical combustor. The increase 
of CO mass fraction decreases the system performance. However, at low CO 
mass fraction condition (0-15%), H2/CO is a promising alternative to the pure H2 








Chapter 8: Conclusion and Future Work 
Recommendation 
8.1 Summary of the thesis 
In this thesis, the overall objective was to develop a micro-TPV system with 
high performance. The numerical, experimental and theoretical studies were 
carried out. The major conclusions and contributions are summarized as below. 
1) In Chapter 2, a micro cylindrical combustor fueled by H2/CO was 
analyzed numerically. It was found that when the flow velocity is 2 m/s, 
the peak radiated power for the case with CO mass fraction of 10% is 
almost the same as for the case with 5% CO mass fraction. The value 
becomes lower when the CO mass fraction further increases to 15% and 
20%. As a result, the emitter efficiency decreases with increased flow 
velocity and CO mass fraction. Besides, the emitter efficiency was found 
to be increased with the increased emitter length and decreased wall 
thickness. Although the efficiency of the combustor fueled by H2/CO/air 
blended fuel is a bit lower than the micro cylindrical combustors fueled by 




2) A series of micro planar combustors with baffles were designed and 
optimized numerically. The real performance of the optimal planar 
combustor was characterized experimentally.  It was found that when   
and   values were 0.4-0.5 and 0.9, the combustor wall temperature was 
the highest and most uniform. For the experimental test, it was found that 
at high insertion length condition (above 1.5 mm), the uniformity of the 
temperature distribution decreased with the increased flow velocity. 
However, the uniformity of the combustor with 1.5 mm connection tube 
insertion was independent of flow velocity. The combustor efficiency 
dropped significantly with the increase of equivalence ratio. However, the 
increase of equivalence ratio was favorable in obtaining high temperature 
and high uniformity. 
3) The Second-Law of thermodynamics analyses on the micro combustion 
fueled by H2/CO and in the combustor with baffles were presented in 
Chapter 4. It was found that in the micro combustion process, chemical 
reaction contributed to the most of the exergy destruction. With the 
increase of CO mass fraction in the H2/CO/air mixture, the chemical 
reaction induced exergy destruction decreased, the thermal conduction 
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caused exergy destruction increased and that induced by mass diffusion 
decreased. In the combustor with baffles, with the increases of H2/air mass 
flow rate, the high entropy generation region is found to be blown towards 
the top end of the combustor. Meanwhile, a higher H2/air mass flow rate 
will generate more entropy and result in more available energy destruction. 
As a result, the exergy efficiency decreases significantly with the increase 
of H2/air mass flow rate. The lean and rich H2/air mixture generates less 
entropy in comparison with stoichiometric mixture and leads to a higher 
exergy efficiency. 
4) The development of a metamaterial filter was presented in Chapter 5. The 
passband could be adjusted by changing the period of the coaxial ring 
structure and a slight change could also be made by changing the inner 
radius of the ring. A wide band pass filter was created when the metal 
thickness t is increased, which could be attributed to the merging of the 
two CSP induced transmittance peaks. Besides, the metamaterial filter 
showed angle-insensitive feature in its working wavelength range. By 
increasing the incidence angle from 0 to 30 degrees, the decrease of 
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transmittance is generally slight. These findings are of crucial importance 
for the micro-TPV system with different bandgap PV cells. 
5) The results of a TiN based frequency selective emitter were presented in 
Chapter 6. A high emissivity/absorptivity was obtained at the desired 
wavelength range, but suppressed values were realized beyond the desired 
wavelength range by the pure nanocavity structure. By filling the 
nanocavities with various dielectrics, the adjustable cut-off wavelength of 
the spectrum was achieved. Besides, the structure also showed its 
refractory property and incidence angle insensitive property. As a result, 
the TiN based dielectrics encapsulated nanocavity structure is promising 
in serving as selective emitter/absorber in the micro-TPV and solar-TPV 
system.  
6) The efficiency of the micro-TPV system was predicted based on the 
components developed in the previous chapters. The system with planar 
combustor with baffles showed relatively higher system efficiency and 
electrical power output to the system with cylindrical combustor. The 
increase of flow velocity increased the total electrical power output but 
decreased the system efficiency. With the increase of CO mass fraction, 
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both the system efficiency and power output decreased. However, when 
the CO mass fraction is lower than 15% in the H2/CO mixture, the 
decrease was not obvious. With the wide availability of the H2/CO mixture, 
it could be a promising alternative to the fuel of the micro-TPV system. 
The predicted system efficiency is slightly higher than those reported in 
the literature. 
8.2 Recommendations for future work 
In developing the frequency selective emitter, various research works have 
been carried out to pursue a selective emitter with high and broad emissivity at the 
wavelength above the bandgap of the PV cells. However, this is inefficient. As 
shown in Figure 8.1, when a photon with the energy equal to the bandgap of a PV 
cell, it will evoke a free electron transiting from valence band to conduction band. 
If the photon possesses the energy greater than the bandgap, the evoked electron 
will transit to a higher energy level as shown in the red colour. With the 
thermalization effect, the free electron will release thermal energy which is waste 
in generating power by the PV cells. In this case, a frequency selective emitter 
which possesses an emission peak precisely and slightly higher than the bandgap 
is preferred. As shown in Figure 8.2, the green line represents the bandgap of the 
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GaSb PV cell, which is 0.72 eV (1722 nm). Before the bandgap, it is found that 
there is big gap between the emissivity of the broadband and single peak selective 
emitters, which is useless in power generation. 
 
Figure 8.1 Edge thermalization effect 
 
Figure 8.2 Comparison of single peak and broadband selective emitter 
Besides, the large-scale and low-cost fabrication of the frequency selective 
filters and emitters are desired. Due to the limitation of the nano-fabrication, most 
of the developed frequency selective devices are in the lab-on-a-chip scale, which 
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is too small for industrial application. At the same time, the fabrication cost is 
high as the fabrication procedure is complicated. As a result, the development of 
the large-scale and low-cost fabrication of the frequency selective devices will 
accelerate the commercialization of the micro-TPV devices. 
Another key component in the micro-TPV system is the PV cell arrays. It 
is well known that only photons with energy greater than the bandgap of the PV 
cells can evoke free electrons and generate electricity under the function of p/n 
junctions formed in PV cells. Silicon cells (with a bandgap of 1.1eV) are usually 
employed to convert solar radiation into electricity and heat due to its easy 
fabrication and low cost. However, compared to solar radiation, the photons 
emitted from a combustion heat source are distributed at much lower energy 
levels and longer wavelengths (1.5μm – 2.75μm). Figure 8.3 shows the blackbody 
emission at 1500 K and the bandgaps of different PV cells. It can be seen that the 
lower the bandgap of the PV cell is, the bigger the amount of photons locating 
within the power range of the cell is, which means more electrical power can be 
produced. Therefore, low bandgap and high efficiency PV cells should be 




Figure 8.3 Bandgaps of several PV cells 
In order to solve the trade-off between the quantum efficiency of the PV 
cells and the bandgap, here we suggest a series of InAs based PV cells, such as 
InAsSbP, which has an bandgap of 0.45-0.48 eV (2755 nm).  
The InAs based PV cells can be fabricated by using wafers prepared from 
ingots grown by the Czochralski technique, Te-doped. The InAs bulk wafers are 
subjected to zinc diffusion procedure to form a p-n junction in photoactive area of 
the cells from a pure zinc source. The p-InAs/n-InAs PV cells demonstrate high 
external quantum yield of 60-70% up to 3.5 µm at room temperature. Higher 
photosensitivity can be obtained by growth of wide-bandgap lattice matched 
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window InAsSbP layer. Narrow gap epitaxial InAsSbP cells can be fabricated 
from (p-n)-InAsSbP/n-InAs heterostructures grown on (100) n-InAs substrates.  
The alternative approach for power generation is using the traditional PV 
cells such as GaSb and InGaAsSb. These two cells have relatively higher 
quantum efficiency but higher bandgap in comparison with the InAs based PV 
cells. The alternative InGaAsSb can also be fabricated to make comparison with 
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Appendix A: Uncertainty of the infrared thermometer for 
combustor wall temperature measurement 
In the combustor wall temperature measurement, a high performance 
RAYTEK infrared thermometer (Model MA2SSCF, with an accuracy of ± 
(0.3%T+1) K) was employed. A calibration should be performed before the 
measurement of the emitter wall temperature. The calibration is based on the 
measurement of the temperature of a blackbody. In this process, the uncertainty 
can be calculated by Eq. (A1) which includes the combined uncertainty, the 
uncertainty due to interpolation and the uncertainty caused by drift. The combined 
uncertainty is shown in Eq. (A2) from the ISO Guide to Expression of 
Uncertainty in Measurement [169]. It includes the uncertainty from the blackbody 
and the thermometer. Eq. (A2) could be fixed by the Sakuma-Hattori equation as 
shown in Eq. (A3). In which A, B, C and c2 are the constants and given in the 
Guide, S (T) is the electromagnetic signal. The calculated uncertainties are listed 
in Table A-1. In this experiment, some assumptions are made: (i) Emissivity of 
stainless steel is 0.78, (ii) Room temperature is 300 K and the natural convection 


















































TS                                                   (A3) 
Table A-1 Uncertainty in combustor wall temperature measurement 
Sources of uncertainty Value (K) 
Blackbody ± 1.76 
Thermometer ± 1.42 
Interpolation ± 0.01 
Drift ± 0.26 












Appendix B List of publications during Ph.D study 
1. Jiang D, Yang W M, Aqdas N, et al. Evaluating the Energy Efficiency 
Performance of a Micro Combustor with and without Heat Recuperation[J]. Open 
Journal of Energy Efficiency, 2012, 1: 21. [Link to this article] 
2. Jiang D, Yang W, Chua K J. Entropy generation analysis of H2/air premixed 
flame in micro-combustors with heat recuperation[J]. Chemical Engineering 
Science, 2013, 98: 265-272. [Link to this article] 
3. Jiang D, Yang W, Chua K J, et al. Thermal performance of micro-combustors 
with baffles for thermophotovoltaic system[J]. Applied Thermal Engineering, 
2013, 61(2): 670-677. [Link to this article] 
4. Jiang D, Yang W, Chua K J, et al. Analysis of entropy generation distribution 
in micro-combustors with baffles[J]. International Journal of Hydrogen Energy, 
2014, 39(15): 8118-8125. [Link to this article] 
5. Jiang D, Yang W, Chua K J, et al. Effect of H2/CO blend ratio on radiated 
power of micro combustor/emitter [J]. Applied Thermal Engineering, 2015, 86: 
178-186. [Link to this article] 
6. Jiang D, Yang W, Teng J. Entropy generation analysis of fuel lean premixed 
CO/H2/air flames[J].International Journal of Hydrogen Energy, 2015. 15: 5210-
5220. [Link to this article] 
7. Jiang D, Yang W, Liu Y-J. et al. The development of a wideband and angle-
insensitive metamaterial filter with extraordinary infrared transmission for micro-
thermophotovoltaics[J]. Journal of Materials & Chemistry C, 2015, 3: 3552-
3558. [Link to this article]. 
8. Jiang D, Yang, W, Tang A. et al. Development of a high-temperature and high-
uniformity micro planar combustor for thermophotovoltaics application [J]. 
2015, manuscript under review 
9. Jiang D, Yang, W, Teng J. et al. Development of frequency selective 
emitter/absorber based on dielectrics encapsulated titanium nitride 
nanocavities [J]. 2015, manuscript under review 
200 
 
10. Jiang D, Yang, W, Teng J. et al. ZrN selective emitter for high-efficiency 
solid-state energy conversion [J]. 2015, manuscript under review 
11. Jiang D, Yang, W, Chua K J et al.. The evaluation of Second-Law 
performance of H2/air premixed flame in micro-combustors with block insert. 
2014, International Conference of Applied Energy, Taipei. 
 
 
